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A STUDY OF THE SPECTRUM VARIABLE 
73 DRACONIS 
By W. W. MORGAN 


ABSTRACT 

The Az dwarf 73 Draconis is a spectrum variable of the a Canum Venaticorum type. 
The Ew 11 line 4205 varies in intensity in a period of 20.7 days. Fe u-Ti 11 4549 and 
the 77 m lines \ 4501 and A 4571 vary in phase with A 4205. It is possible that a number 
of other lines also vary in intensity. Wave-lengths and identifications for 477 lines 
between the limits \ 3902 and A 4958 are given. A discussion of the relative number of 
atoms in the different states of excitation by the method of Russell and Adams is given 
for Fe rand Cri. The number of atoms in the higher states of Fe 1 is about the same for 
73 Draconis and the ‘normal’ A2 dwarf e Serpentis, while there are twenty-five times 
as many atoms effective in absorbing low-level lines in the latter star as in the former. 
Two very peculiar features of the spectrum are the weakness of Ca 11 K and the presence 
of numerous lines of Cr 1 which are, except for the lines of very low excitation, actually 
stronger than in the sun. The lines of Crm are also strong, and the spectrum can be 
considered as representative of the ‘chromium stars.” 

1. The spectrum of 73 Draconis is given as A2zp by the Henry 
Draper Catalogue. The spectrum was considered peculiar because of 
the strength of the Sr 11 line \ 4077 and the Si 11 doublet \ 4128 and 
\ 4130. On Yerkes plates the violet component of the doublet is 
blended while the red component is very weak. There seems to be 
little doubt that, unless Sz 1 is variable in intensity, the lines are 
faint in 73 Draconis. The line Sr 11 4077 is of moderate intensity, 
while the other component of the ultimate doublet at 4215 is the 
strongest line in the spectrum with the exception of the Balmer 
series of hydrogen. The difference in the intensity of the two lines is 
marked. 

A conspicuous feature of the spectrum is the presence of a large 
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number of lines due to Fe 1, Cr 1, and Cr u. Most of the lines of Fe 1 
of temperature classes III, IV, and V which have an intensity of 
3 or more on Rowland’s scale in the sun are present in 73 Draconis. 
Almost all the Cr 1 lines of intensity 5 or greater on King’s scale are 
present. All the Cr 11 lines in the region observed are present, both 
the ones observed in the laboratory and the predicted members. The 
singlets of Mg 1 are strong, and the Mg 1 line at \ 4481 is one of the 
strongest in the spectrum. To be consistent with the presence of 
numerous arc lines of iron and chromium, we should expect the Ca 11 
line K to be strong, but on plates which extend sufficiently far into 
the violet to show this region of the spectrum, we find that Ca 11 K 
is no stronger than several iron arc lines in its vicinity. K is fainter 
than in normal Ao stars like Sirius and Vega, and is even weaker 
than in Bo and B8 stars, where all of the arc lines have disappeared. 
In addition to these peculiarities there are several strong lines for 
which no adequate identification can be found. The strongest of 
these is at \ 4423.0. This is probably the same line which was found 
to be strong in several A-type spectra by Adams and Joy.’ They 
identified the line with Y um. Yttrium contributes somewhat to the 
line, but the wave-length, which has been measured on several 
plates, shows that much of the strength cannot be accounted for by 
this element. The line is broader than an unblended line should be. 
2. From an examination of several early plates of the star, the 
line at \ 4205, which is probably due to Eu 11, was suspected of 
varying in intensity. The suspected variability was confirmed and 
an announcement made in this Journal.? The star was put on the 
observing program of the one-prism spectrograph and a series of 
plates obtained during the summer and autumn of 1932. The plates 
have a scale of 30 A per millimeter at \ 4500. 
Figure 1a gives the intensities of \ 4205 plotted according to time. 
A period of 2047 was found which fitted the observations satisfac- 
torily. An examination of the spectrograms showed that other lines 
vary in intensity, the most marked being Fe u-77 11 4549. Its in- 
tensities are plotted in Figure 16. The phases of maxima and 
minima coincide with those of \ 4205, but the maxima are wider 
t Publications of the Astronomical Society of the Pacific, 38, 124, 1926. 


2 Astrophysical Journal, 76, 275, 1932. 


THE SPECTRUM VARIABLE 73 DRACONIS 79 


than the minima. The two other strongest 77 1 lines in the vicinity, 
at \ 4501 and A 4571, are also variable, but the amplitude is less than 
for X 4205 and \ 4549. Mean curves of variation for all four lines are 
given in Figure 2. The ordinates are arbitrary scales of intensity; the 











1O— 
— ek, 
a Oe i ™% 
ro ae 
sf My 
7; = 
ior 
= 
, ee @----e, 
: Of = 
~ 
ae ” 
5 


Mmm 
«* 
! 
& 
i 





Mt 
¢ 











1932 July 20 Aug. 20 Sept. 20 Oct. 20 
lic. 1.—Variations in intensity of: (a) Eu 11 4205, (b) Fe u—Ti 11 4549, (c) Ti 11.4501, 
and (d) Ti 11 4571. Ordinates are units of intensity on an arbitrary scale; abscissae are 
expressed in ten-day units. 


abscissae are tenths of the period. The elements of variation, count- 
ing from phase zero, are: 


1932 July 19.0+20°7E (U.T.) 
J.D. 2426905.0+ 20°7E (U.T.) 


The estimates of intensity are given in Table I. 

From the fact that the two weaker 77 1 lines vary in phase with 
Fe 1-Ti 11 4549, it seems probable that most, if not all, of the 
change in intensity of \ 4549 is due to the 77 1 component of the 
blend. The other Fe 1 lines vary little if at all. The line at \ 4571 
is a member of the same multiplet as 77 11 4549, and the curves of 
variation are quite similar. On the other hand, there is some evi- 
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dence that \ 4501, which is a member of a different multiplet, has a 
narrowey maximum. It will be necessary to secure a better series of 
plates to investigate the other strong 77 11 lines which are located 
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Fic. 2.—Mean curves of variation for: (a) Eu 4205, (b) Fem-Tim 4540, (c) 


Ti 11 4501, (d) Ti tt 4571. Ordinates are intensity units on an arbitrary scale; abscissae 
are tenths of the period 2077. 


below Hy. More strongly exposed plates in the violet region will also 
be necessary for the investigation of the strong Eu u line at \ 4129. 
The unknown line at \ 4423.0 seems to vary in intensity, but there is 
no correlation with the twenty-day period found for \ 4205. It is 
possible, though not probable, that the variation is not real. It is 
also possible that a number of other lines vary in intensity, but, if 
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so, the amplitude is small and I believe it safer to leave the question 
of their variability open until better observational material is avail- 











able. 
TABLE I 
ESTIMATED INTENSITIES OF VARIABLE LINES IN 73 DRACONIS 
| sl a POE 
Date, 1932 Bhince Eu U1 . it u-Cri | Fe I Tem | Fs m-Cr 1 
| 4205 4501 | 4549 4571 
ORY “30 Ane cins sce sar .02 10 4 8 4 
S554 Io | 6 2 | y a 2.5 
ae. Seen en 78 | s 2 | 7.5 I 
” ee eee Aer 40 2 I | 4 I 
2 Mee edie eke pierhs «4 .7O 3 2 9 4 
24.4 earn eanet an Crone | 76 5 | 3 | 9 | 4 
ee Wa kik ata) saa he ee | go IO 5 9 } 5 
Oe See eae adiere 04 10 4 9 5 
ICR. (Dine o41 stare sia ssatel 19 4 I 6 3 
CEP PET Pe tay i .43 2 3 4 I 
BO Beare ees Cy; 4 I 3 3 
Re vitals cia ante sic ats 62 3 2 9 0.5 
BR eRe 5 wiceleeeise 67 4 I 8.5 4 
DS Say csiawleinesiones .82 9 5 8.5 5 
2: Bk Parana era Re 96 10 5 8 5 
EO Boca veisteeaein es .OI 9 3 9 5 
MMe idiots cia .10 4 3 a5 3 
BiB casi sele oe ets ay 4: z: Ce 2.5: 
PR Mead averk cia se acciacs 2) 5 2 8 2.5 
DA Ae ssisinioin eos eueters 225 4 2.5 5 2 
DO Be arte elnete ae -49 3 0.5 5 ys 
CEC ete cee 64 4 I 7 325 
I lana et he. a ogee meh yc) 9 4 10 5 
ee Sig) are Fes te .Q2 10 } 4 5 2.5; 
Dg ia als sien a cuede ats .O7 8 3 9 4 
LO ar en eae er aren ¥2 6 o;5 re) 3 
BOE AG cae es ee 40 4: 2: 5 2 
Wilia Araixcaye esate oneness iets .55 3 0.5 6.5 5.5 














The observers who participated in the taking of the plates were O. Struve, C. C. 
Crump, R. van Arnam, F. E. Roach, P. C. Keenan, H. F’. Schwede, Miss C. Westgate, 
F. R. Sullivan, and W. W. Morgan. 


With respect to the variability of the europium line, \ 4205, 73 
Draconis is similar to a? Canum Venaticorum. The former is of a later 
spectral type than the latter, and the appearance of the spectrum is 
rather different. As far as finding a cause for the variation in in- 
tensity goes, we are as much in the dark as in the case of a? Canum 
Venaticorum. It is probable that when we find the cause of the 
variation of such stars we will also know why europium is so strong 
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No 


in certain of the A-type stars. It would be of some interest to in- 
vestigate the light of 73 Draconis photometrically for variation in 
the twenty-day period. 

3. Although the star is fainter than can ordinarily be reached with 
Process plates, it was possible to obtain one plate on that fine-grain 
emulsion. All the lines visible on this plate were measured for wave- 
length. To check as far as possible, all lines were also measured on 
the best Eastman 4o plate. As the Process plate showed many more 
lines than those obtained on the coarser emulsion, the duplication 
was not complete. The wave-lengths and identifications are given in 
Table II. The columns are: the wave-length; the intensity on the 
Process plate; and the identification, intensity, and temperature 
class of the line as observed in the laboratory (King). Laboratory 
intensities other than King’s are given in parentheses. Lines of Fe 
which were not observed in the laboratory, but were predicted and 
picked out due to their behavior in the solar disk and spot spectra, 
are marked by asterisks in the intensity column. 


THE ELEMENTS PRESENT 

Probably the best way to bring out the departures from the 
normal strength of the elements at class A2 is to compare the spec- 
trum, element by element, with a normal Az dwarf. The spectrum 
of the star € Serpentis has been investigated by Miss G. Farnsworth 
and the writer. It is a good example of an average A2 dwarf. A 
description is given below of the behavior of the elements in the two 
stars. 

H.—The lines of the Balmer series are of about the same intensity 
in the two stars. They are somewhat weaker than in Sirius. 

Mg 1.—The singlets are of about the same intensity in both stars. 
The unblended line at \ 4167 is of intensity 5 in 73 Draconis and 4 
in € Serpentis. As all the lines are slightly sharper in 73 Draconis 
than in ¢€ Serpentis, the difference in intensity is less than the errors 
of observation and Mg 1 probably is identical in the two stars. 

Mg u.--The doublet at \ 4481 is very strong in both stars. It is 
estimated to be of intensity 10 in both 73 Draconis and ¢ Serpentis. 
Possibly other fainter lines contribute to blends in both stars. The 
behavior of Mg 11 is identical. 


3 Astrophysical Journal, in press. 


3902 
3903 


39011 


3018 


3919 


3939 
3041 
3942 
3943 
3945 
3947 
3048 
3049 
39051 


3952 


3953 
3955 
3050 
3958 
3900 
3902 
3993 
3997 
3979 
3979 
3975 
3079 
3051 
3954 
3055 
39860 
3985 
30900 
3991 
3992 
3004 
3990 
3997 


3995 


otar 


03 


go. 


QO4 


nop UN 


3 
> 
/ 

I ? 


ob 





THE SPECTRUM VARIABLE 73 DRACONIS 


TABLE II 


WaAVE-LENGTHS AND IDENTIFICATIONS OF LINES 





Int | Identification 
1 | Cri .88 12 II, Fer .95 20 I] 
| 4 Fert .9po 5 IV. (Mg .96? 
81 
4 CTI Og ronIlil 
4 | Fer .32 (2), Fer .42 31V, Fe1 .65 4 IV 
3 Cri 16 35 Ty 
aq4n | Fe1 .26 20], Fer .85 (1), Cri 1.02 201 
tN | Fer 2.92 25 I 
V | 
tN | Fe 5.20 (1), Fe1 5.65 4 IV, Fel 5.95 6 IV, Fet 6.00 (1) 
. 
2-2 | Cri .65 3 IV 
‘—f5 Fet.93 30] 
2 | Cer 64.755, Pet: ora: (2), Fer0.22'0 
D | Fer .30 251, Eu tt .50 300 III E 
| 23 «| Fet .64 41V, Fer .o2 (1 
| 6 | Fer .61 (2) IV, Cai .66 goo II 
a5s-ON | Fer .82 8 II 
6 | Mgt .43 (3r 
2 | Fer (.15 
5n | Fe1o.89 5 Il, Fet 1.29 (2), Cr11.49 201 
| a3 6} Per.38:(1); fet.45 ObV 
4 Feit .35 21V, Alt 4.03 (10 
5-6 | Fe14.903 IV, Fer 5.12 41V 
| 1-2 Fet .39 (1), Fe1.54 51V 
2 | Fer .78 101V 
a Fe .96 10 III 
2 Fe! 17 91V 
V | 
4NN?} | Fer 2.61 8 IV, Fet 2.70 (1), Fet 3.16 4 1V, Fet 3.86 (1) 
; 
in Fer .37 21V 
3 | Fer .4691V, Fei .68 12 III 
2 | Pez .20:(1), Cri 77 2. ID 
I | Pex 26 C1 
| 3 | Fer .53 (1), Cri .69 30 II 
.| 3+in He Fer .43 8 IV, Ca 1 8.47 350 il 
| 40 | He .08 (6) 
7-8 | Fert .39 (1), Fert .56 (1), Fer .62 41V, Cri 
| I | Cri 69 4 III 
6 | Fer .65 (3) Crt .80 3 III 
3ne.—is«d|« Crt .24 SII, Fer .78 7 I 
4-5 | Crt3.91 20II, Fert 3.96 ro Ill, Crt 4.34 10 III 
3-4 | Fer .39 31V, Fer 6.18 5IV 
4 | Mgt .79 (4) 
2 lou 9.00 (3) 
5-6 Cr19.99 61V, Fet 0.38 2 V 
3-4 Cri ..12: 20.11, Crt .68 10 TE 
| 2-3 Cri .85 15 III 
4-5 Cri-3:97 4. IL, Fer 4.122 V 
| 1-2N Fe! 5.99 41V 
2 Feit .40 15 Ill 
| #3 fb 
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TABLE Il—Continued 








Stas | Int | Identification 
2000290) 2.2.6.5: I | Crit .68 2V 
4000.45.......| 2 | Fer .26 (1), Fet .462V 
oo) ee 1 rs 2 | Cri 45 8IV, Fer .67 5 Ill 
Se 3-4 fae See ir teach et eee passty mr Mal Lins Mee 
BOOS SFT ic: | 3-4 | HET.97 2 V, Crt 92. 2N 
4005.03. 8) - | Fer 25 25 I] 
4000 39 | (v ) | 
t biteote tie |  i4NN? | Fer 6.31 3 IV, Fer 6.63 2 1V, Fet 6.77 (1), Fet 7.27 6 IN 
4007 .97 ee | 
ABO 02 oi % 4is<s I-2 Loar Mesh nee vane ates, SMa ecaite: & fae te eet 
4009 eee i=2 | Fet .72 10 Ill 
MOTO Ss ok wdc] 2-3. | OM .59 (3), Fer .78 (2), Fer .95 (1) 
AOIT.02...... ee! Wiles acs Nee Feat od eit bits 
4012.46... 4 | Ti .40 (4), Cri .48 8I1V 
AOE S98... 6: I-2 Fer .64 (1), Fer .822V 
4014.61 3 | Fer .54 10 III, Crl .67 3 1V 
4015.71 I-2 | Ni11 .50 (1), O m1? .61 (3) 
BOt7.13.;.. 3-4 |der.10 (2), Fer 151610) 
4017.99.... | 4 | Crit 8.22 3 III, Fer 8.28 (2) 
4020.19 : | 3n | snc islia nvahntsoRavinu oitabe ‘enat av ecet ene tees see 
BOSD 0G 626506 4-5 | Pers87 120 Cr 27-8 1V 
AO23 SA i. cosas I | V 11 .38 (50), Cri .742V 
4024.72 | 4 | Ket .9s5'6V,Crit-sior 71) 
A025 =38).° °°] 2-3 | Ti II 5.13 (2) 
4020.32.. 2 | Cri .18-10 11] 
AOA7. 836 « I | Crr.it 8 III 
HO28 AO .:5.6504 3 | 141.35 (7) 
4030.58.... 5-6 Crit .37 (pred.), Fer .51 (3) IV, Mut .76 2001 
4032.90... 5 | Fer 2.64 4 III, Mnt 3.07 1501 
4034.26 I | Mnt .49 100] 
4035.28 mn 
4030. 21 I } 
4037.20. I-2 | Cri .303 III 
4037.95 2 | 
4039.12 3-4 | Cri.ro1olll 
4040. 38 I | Fer .10 (2), Fer .654V 
4041 .66 i-2n | Cri .812V 
4043.92 4-5 Cri1.70 3 V, Fer .opo s IV 
4044.605..... I Fer .62. 61V 
4045.86.... | 5 Fet .82 60 I] 
4047.05.... I-2 Crit 6.77 3 IV, Fer 7.32 (1) 
4048.11I.... ee Seca ne sess 
4048.90... 4-5 Cri .79 10 IV, Fet 9.34 (1) 
4049.04.... 2 | Cri .78 21V 
ote ae a3-4n | Fer 1.93 (2), Crit .oo (1) 
4053.43 eine’ I-2 Cr 11 .43 (pred.) 
4053.90... | 3 Ti 11 .84 (3), Cr ir 4.08 (pred.) 
BOSH (02.063 .25] 2 | Fei .83 (1), Fer .88 5n V, Fei 5.05 3 V 
4056.15... 2 Crt.0612,V 
MOGI AAB 5 occas 4-5 | Fer .36 2 V, Mgt .48 (5) 
$053.-82...6.4...] 2-3 Fer .77 3 1V, Cri .78 10 IV 
QO5O 9S <<. 60 sx I F6%.72.32:V 
4000290. ..6.5- 2 CPE 67 2 
4001 .82.. 3 Fei .96 (1) 
4 | Fet .30 (2), Fe .60 45 II, Crm 4.05 (pred.) 


ee Yee | 
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TABLE II—Continued 





Star Int. Identification 
4065.93... I CHT 926V 
4067.08... 4-5 Cri 6.94 10 III, Fer 6.98 6 III, Fert 7.28 4 III 
4068.05... 2-3 Fet 7.99 8n III 
4069.82... Bo fot chen ws icdrenes Ee REE RE re ok ea et 
4070.90... 3-4 Fet .78 5 III, ?Crit .g9 (©) 
4071.74. I-2 Fet .75 40 II 
4072.67. 2-3 Feit .51 (1), Crit .63 (pred.) 
4073.80. . I Fert .76 4n IV 
4074.81.. I-2 Fet .79 5 IV, Cri .86 3 IV 
4075.90... I Cr 11 .66 (pred.) 
4076.87... 3 Fer .64 8n IV, Fer .81 (1), Crit .88 (pred.), Cr17.09 51V 
4077.64 4-5 Crit .58 (pred.), Cr 1 .68 4 IV, Srir .71 400 II 
4080.16 mn Fei 9.85 4 IV, Feto.23 2nIV 
4082.25 3-4 Fet .12 (1), Fer .44 (©) 
4083.63 % Felt .57 (1), Fer .78 61V 
4085.25 I Fert .o1 4 IV, Cri .o2 2IV, Fer .31 4 IV 
4086.06. 2 Cr Il .19 (1) 
4087.47... 3 Fe .28 (©), Crit .61 (pred.) 
4088 .92.. 2-3 Feit .57 (1), Crit .85 (pred.), Fe t 9.22 (1) 
4090. 23 : 4 CFI 36:9 1V 
4002 .08...5... I Cri.18 3.1V 
4093.25.... BP ecu cuie igi auera-ay ds toon abate: Ale & ear re Wie veiw ne aa ee ee 
4095.04 I ay ua aee ees ; adh ong aver eats Ea 
4096 .05 I Fe 5.98 4 IV, Fei 6.12 (1) 
7.95} 
4098 .09....... 8 Crit 7.96}20n III, Fert 8.19 4 1V 
8.18} 
4100.30:...... I Bee sneer ar iee eae hake RIG aia Sts erate 
AION: F265. 30 H6 .74 (7) 
4104.20... 5... 3 Fet..14.2,V 
AIOF.E1., . I Feit .50 12 III 
4109.78 I Cri .58 8 III, Fer .81 g IV? 
0.87 
4111.15 ae 10 Cri, 1.36;20n III, Crit 1.04 8 II 
1.07) 
4112.97 8 Crit .57 (pred.), Fer .98 3n V 
4114.65 I Fer .45 51V 
4110.00 2 paliwe : 
4110.73 I Fes tices ees Ot bes cae (Gnd a a Wd aca cgl gS Tao lar me aa a 
4117.66. I Fet .87 (1) 
AVES.66....5.. 2-3 Fert .56 15 1V 
4119.54. . 3 pees 
AIST . 31... 2 Crit .274V 
4122.63 3 Fer .52 4 IV, Fe .67 (*) 
49245S%;-5:3 2 Cri .39 10 IV, Fel .76 (1) 
4124.64 I panera ; EE te 
4125.70 I Feit .63 (1), Fer .89 (1) 
4126.20 I Fet .19 3n IV, Cri .52 18 II 
4127.18 I-2 Cri 6.92 3 III, Cri 7.30 4 IV 
4127.84 1-2 Cri 7.64 5 III, Fet 7.62 7 IV, Fer .81 3n V 
4129.17.. 2-3 Cri .2r 2on III 
AL20:. 72% « 3 Eutt .73 5oo III E 
ATSI.00. 2 Si 11 0.88 (10), Cr1 1.36 ro IV 
AT92.30.. 7 Fet .o6 25 II, Cri .44 (1), Fer .or 8 Ill 
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TABLE Il—Continued 











Star Int. Identification 
4133.92 | I | Fer. 87 (2) 
4134.50 | 3-4 | Crt.39 3 V, Fer 68 12 1V 
4135.68 I : 
4137.04 | I | Fert .oo 7IV 
4138.19 I 
4130.12 2 
4140.58 I-2n 
4142.21. | 2-3 
4143.66. 6 Fert .42 15 III, Fer .87 30 I 
4145.99.. 6-7 | Fert 6.07 (2), Crit 6.50 (pred.) 
4147.52. 2-3 Fet .68 to III 
| 4148.51 | I pooh 
4149. 36 | 2 Fei .37 sn I\ 
4150.74. I : R 
4151.84 2 | Fer .96 (1), Fer2.18 411A 
| 4152.05 2, |-OCrt gS aly (Cr s3:08.4 Tl 
4154.01 | 3 | Cri 3.82 20 III, Fer 3.92 ron IV, Fer 4.11 
| 4154.68 2 | Fer .5o 12 III, Fer .829I1V 
| 4156.55 4 | Fer 81 12 101 
4157.73 I | Fer .81 8n IV 
4158.87 5 | Fer .81 5 V, © 11 9.19 (5) 
| 4161.37. | a6 | Crz 42 121V, Ti 11 .54 (1) 
4163.58 4-5 | Cri .63 20III, Tit .65 (40) 
/ 4165.51. 4 | Fel .42 (2), Cr1.52 10 IV 
4167.28. | 5 | Mgt .24 10n III? 
4168.74 I | Fert .63(1), Fer .94 (1) 
i 4160.95. . Ay 3 'ee& .84 61V, Crio.204I1V 
' 4170.80 4 | Crit .64 (pred.), Fet.o1s V 
i 4171.92 3 | Ti 11 .gt (30 Fer 2.13 s1V 
/ 4172.55 | 2 Cris 59 (pred), Fe 75 41 A CHIE 76° | 
| 4173.56 2 | Ferm..48 (se), 7s iss (1) 
i 4174.88 | 2 Cri .86 15 III, Fer .o2 s ILA, Cri 5.283 IV 
4175.70 I | Fer .64 10 III 
| 4176.55 r=2 | dtéets7 sn iV 
i 4177.81 6 | Fei .60 411 A, Y 1 .61 125 III 
| 4179.20 7 | Fe 8.87 (8), Crit .41 (2) 
| 4180.61 1-2 | 
4181.77 5 | Fer .76 15 III 
j 4184.06 2 | © 11.00 (4), Ti .33 (0) 
4 4185.16 1-2. | Fer 4.89 10 III, Cri 4.90 3 III 
j 4186. 36 2 | Cri .35 3 IV 
4187.75 a 2 | Fer .81 — 
4188.79 | 2 | ©? .74 (4 
4190.06 2-3 | Crt. bit 4 Tit 29 (1) 
4191.50 6 | Crt .27 Io Il, Fer .45 15 Ill, Fer .68 ( 
4192. 28 I | Cri.it0's iV 
4193.73. 3-4 Cri .66 8IV 
4195.38 | 5 | Crit 4.95 7 III, Fer 5.34 5 IV, Fel 5.62 (2) 
4197.21 I | Ok 
4198.30 | 6-7 Lhéris1c0 ML Crt .<asiv 
4200.60 2N norte aaa ne ees 
4202.27. 3-4 | Fer .o3 sol 
4204.04 I | Fel 3.95 , Fer 3.99 10 III, Cri 4.28 3 Ill 
BGOE OO). ocd a3-4n n | Y 11 4.69 DV, Eu Il 5.05 600 III E 


++ hp 
Y BOHN Wt 
y 


DADAAADAAMUNnMNnS HS Hf hh PW W W 
SALW KH OTOL NO HDAMNNO CSO 


Pu We 


NNNNNNN NNN NHN NN NH NN NNN NN DWN DW 


Sunn NN 
12) 


Ne N NH 


OO GO 00 CC CO 
mus N 


Q 


wv 
> W 


05 
II 
53 
49 
39 
23 
31 
93 
SO 


95 


7.04 


8O 
OO 
20 


THE SPECTRUM VARIABLE 73 DRACONIS 87 


es 
oe) 


Int. 
3 
I-23 
4-5 
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I 
ia 
ce) 
374 
2-3 
I 
4n 
5 

5 
3-4n 
I 
3-9 
I 

5 
4 
2N 
7 

I 
3n 
I 
5n 
5 
0-7 
E-2 
2N 
8) 
8 

I 

2 
2n 
on? 
5n 
3-4 
2-3 
4 
5n 
4-5n 
3 
4-5 
I 

I 

6 
4-5 
3 
2-3 
i—2 
7 
3 
374 





TABLE IIl—Continued 


Identification 


6.90 4 V, Fer 7.13 4 1V, Crit .34 (pred.) 


a 

71.35 OIV, Fer .61 3n V 

rt .36 ro IV, Cri .75 6 11! 

"I .36 61V 

rt .66 4n1V 

‘el .6ssI1V 

rir .s2 300 [I] 
Pét.66: 7m EV, Crt 63 15) 001 
Fert .36 12 IV 
Fer .34 41V 
Cr11.56 8IV, Fer 2.23 12 Ill, Crr 2.74 6 III 
Fet .17 6n IV, Cri .51 4 V, Fer .51 3n1V 
Fe 5.46 6n IV, Fer 5.96 3 IV, Fer 6.43 3 IV, Cat 6.73 


500 I, Fert 7.45 30 III 
Fer .75 (1) Ill, Crit .82 (pred.) 


Fe 11 .16 (10), Crit I pred. , Fer 61 18 Il 
Cry.gt. 3 FE 


Fel 5.95 25 Ill 

Fet .83 ton IV, Crt .o6 8 III 

Fex.37 (2),:Cri.71 2010] 

Crit .39 (5) 

Fer .26 6 Ill 

Fert .o9 3 V, Sc 1 .83 75 III, Fert 7.44 12 Il 
Fer .22 4 IV, Crt .35 21V, Cri .72 21V 
Fer .13 25 III, Fei .79 25 Il 

Cri .65 (1) 

Cri .34 500 II 

Fet .21 (2 


Fer .16 (*), Fert .39 2I A 
Fel .14 (2), Fel .49 35 III 
Crit .81 (pred.), Cr It .go (2) 
Crit.1412IV 

Fet .21 (2) 

Fel 07 3 LV 

Cr II .30 (1) 

Fei .17 20 III, Fer .76 35 Il 
Fer .31 (1) 

Crt .80 400 II 

Crit .§5 (2) 

Fe ir .13 (1), Fer .23 (2) 

Cri .4r 12 Il] 

Fer .41 12 Ill 

Cr It .20 (2) 

Fer .45 31V 

Cri? (©) 

Cri .73 350 II, Ti 11 0.22 (50) 
Cri .97 OIV, Fei 2.13 (pred.), Fer 2.29 (1) 
Tit 4.10 (40), Fer 4.13 15 Il 
Feit .56 (3), Cri 7.06 5 Ill 


Cr1.75 12 IV, Fet 8.04 (2) IV 
Feit .25 18 II, Ti 11 0.05 (60) 
Ti 11 1.93 (15) 

Fe 11 .18 (4) 
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TABLE IIl—Continued 


Identification 
Fe .46 31V, Crr47 5 Ill 


Ti 11 .86 40, Felt .gt1 35 II 
Fer .38 4 1V, Ym .61 125 III 
Ti 11 .88 (35) 
Sc 11 .og too III 

Ti 11 4.98 (40), Fel 5.09 10 III 

Ti 11 .80 (1) 

Cri? (©) 

Cri .65 8 III 

Cru .604 IIT, Scm.73 75 Ill, 77 1.95 (1), Crt 1.263 1V 

Cri .s2s5I1V 

Cri .e7 15 EE, Fer .77:35 11 


Ti 11 .26 (0), Ti 1 .71 (0) 


Fei .os 10 II, Ti 1 .32 (1), Cri1 .57 301, Tim .92 (50) 
Hy .46 (8) 

14 11..31 (2), Crit 51 40'] 

Cri .83 10 III 

Fet 7.85 (1) 


Crt .06 20], Fer .55 31V, Fe .77 (6), Cri .77 601, 
Mgt .94 30I1V 

Cri .97 2IV 

Cr7-6.79 44141, (Cri7.52 200 

Cri .63 201 


Fet 5.90 (1) 

Fer .5851V, Tit .66 (15), Fet .or 2111 A 
Pei: Ar") et .78°9 EE 

Cri .28 201 

Cri..27 81 Crt :65.2V 

Cr1.16 12 II, Sc 11.46 60 III, 77 11 .83 (1), Cr1 5.34 8 III 
Crt shai 

Cr11.11 6 IT] 

Fet 2.78 (2), Fei .55 45 II 

Mgt .64 (8), Cri .98 20 I, Fett 5.39 (5) 
Crt .28 21. Cri .so '§ Til 

Feto.96 41V, Mg ir 1.58 (10), Cr1 1.76 81 
Ti .04 (60), Tz 11 .85 (2) 

Y 11 8.05 100 III 

Pt .77 (35), Cri 823271 

Fet .30 (3), Fer .45 (2) 

Crz.38 3011, Crr .so.s IV 

Feit .75 3011 


Ti 11 .94 (1) 
Crt 3.87 5 1h, Fei 5.13.20 11 
Fei .81 (4) 





THE SPECTRUM VARIABLE 73 DRACONIS 89 


TABLE I1—Continued 


cont yu Un 
C ° 








Star | Int. Identification 
| 
| 
. 3N | Lei 8.32 (5); Crio.t 
42 | 
95 | I - 
OO. . 10 | Fer 2.57 6 III, Y u 2.61 80 III, Cri 2.70 2 IV, Cri 3.32 
3 
38 I Cri .o8 2 III, Cri .28 ro Ill 
7.62 5N Fet .30 101, Cri .72 (©), Mg .o9 
45 7 Cri 9.93 2I1V, Fert .20 (2) IV, Cr1 0.48 4 III, Fer .62 
6 Ill 
0 3-4N | Fet .22 3n IV, Mg tt .gg (8 
2 , | 
i 1:N | Fer 5.15 (2), Pet 6.93 (2) 
| 
I I | : 
8 I | Fer .84 (1), Fel .97 (2 
29 I | Fer .20 7 Ill 
17 5 | T2711 3.80 (50), 72 11 4.56 (1) 
62 3 | Fer .73 9 III 
45 I ars 
50. I | Cr1.3 gn IV, Fer .32 (2), Tz 11 .49 (10) 
Q3 | I 
72 I | 
20 I 
04 2-3 : : ; 
02 4 | Cri 8.55 12 III, Nz1 9.05 20 III, Fer 9.13 10 III, Cri 
} Q.42 4n II] 
Gr... 5-6 Fet.21 (2), Fert .66 8I, Fet 2.01 (3) IV 
34 a3n Cr14.g1 4 III, Cri 5.16 an IV, Cri 5.35 5 Ill 
42 I | Fer .56 12 I 
03 | 2 | Ti 8.49 (50), Tit 9.15 (tr), Fel 9.39 sn IV 
02 I ve 
70 me : z 
a 3NN Cri 5.36 8n III, Fe t 6.02 1o III 
3} 
21 Io | Mgt .13 (100), Mg It .33 (100) 
76 I Cri .88 5 1 
ele) I 
05 2 | Crt .o5 5 Ill 
2 2 | Fei 8.92 (2) IV, Fett 9.21 (4), Cr19.47 5 IV, Fel 9.74 
a oe et : 
78 2-3N | Feit .41 (4), Cri .69 3n III, Cri .86 3 III, Crt 2.31 6 Il 
be | 4N Fei 4.57 12 Ill, Cri .34 2 1V 
04 Pa I | Crit .86 25 I 
33 (Cri 8.73 6Ill 
23 4-5N |;Crio.29 7 III, Cri 1.09 6 III, Ti 1 1.27 (40) 
52 (Seer 
24 2 Crit .54 (pred.) 
09 3 Crt 6.85 41V, Crit 7.23 (pred.) 
32 I Fer .29 (15 
15 I ee ; 
96 3-4 Cri .QI 10 ITT 
26 I | Cri .38 (2), Crt.53-8 I 
63 | 5 | Fe tr .34 (15), Cri .44 4 III 
> (~ 2 7) 
oof 5 Les 
24 | 5 ‘ II .24 (5) 
72 5 Fe tt .64 (10) 
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TABLE IIl—Continued 


Identification 


Cri4.84 2V, Fert 5.15 sn IV 
Crt.1t.31V,Crr46.718 i 

i+ .49 (1), Crt .69 (3), Cri .76 201] 
Fer 1.16 8 II 

Ti II 3.97 (30), Fert 4.17 ( 
CEE 258 OMS Crt 299-5541 

Cri9-70 5 ILL, Crroe.so 12 E.:Cr 1 0.72: 10 IT, Cr11.07 


5 

Crt ..52 4 101, Fem .§2'(*), Crir .85. (pred.) 

Cri4.62 12 11, Cri 4.60: (pred.), Crit 5.34 5 11l,.Cr1 
5-90 20 | 

Fe 11 .48 (20), Ti 11 .64 (60) 


*) 


Cr II .og (10 
Feit .go (15), Fer 6.13 4n V 
Crit .66 (20), Crit .78 (pred.) 


Teit..76(: 
CPIisst 12 
Crrx4 2438 III 
04 
Crit .30 (pred.), C71 .68 1o III, Tim .97 (50), Cru 
2.87 (pred.) 


(30), Cr1 4.173 V 
L: Fet .68 (2) 


Fe 1 .84 (*) 

T7111 3.45 (1), Fe 3.84 (30) 

Crit .21 (20), Crit .40 (pred.) 

Cr 11 9.89 (pred.), Cr 11 9.96 (pred.), Tz 11 9.96 (2) 
Crit .06 (4), Fer .66 5 I 

Feit .37 (2), Cri .60 6 IV, Fei .70 (*) 
Fet .14 (2) 

Crt0.75 201, Cr11.02 4 II, Fem 1.38 | 
Fer .95 oI 

Fet .60 (2), Ni1.99 12 III 

Fet .67 3n V 

Fer .29 sn Il, Cri .97 (2) 

Cri §2'(2) 

Cri .14 251, Crit .67 (3) 

Crit .82 (10), Fer 9.30 3n IV 

‘1.89 
I.g0 
Cri .93 (3), Cri .19 201 


+ 


Cri 10 III, Cri 2.49 5 III 


Fe II .33 (20) 

Cri 2.18 2 IV? 

Cr II .og (10) 

Fei .52 31V, Cri .77 a4 Ill, Fer 8.02 3 IV 


Cris4-21V? Cri 4a (3), Cri aor (2 


Cri .17 401, Cri .50 (2), Crit .803 IV, Fer 7.44 61V 
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TABLE Il—Continued 


4808.70 
4812.38 
4816.60. 


Star Int. Identification 
4049.0. | 3N | Nir 8.66 15 ILI, Cri 8.13 5 III, Cri 8.87 5 IV, Cri 9.46 
| } 51V 
4652.25 2-3 Grrrzo7ol, Creat? 301 
4054.60 3 | Fer .so s II? Fer .64 5 V, Cr1 .76 3 1V 
4650.80 4 Cri .20 21V? Cri .84 (1), Fei .98 (* 
4057 98 2N | 
4061.75 2n Fert .54 (2), Fei .98 (2 
4663.72 5 Cry..35 7 IV, Few .71 (*), Cri 85 SIL, Cri4.818 
4666.74 6 Cry .2241lt Cri .s2 7 Tl, Fem -75(*) Per 7.466 V 
4069.81 4-5 | Cri .36 6lll 
4073.06 5 | Fer .17 (3 
4675.03 k: 
4678.31 2 Fert .867V 
4080.69 2 | Cra co adil, Cre 87 2 FV 
4084.93 4 | Cri .61 (1 
4089.11 3N Cri .4o 8 III 
4090. 35 r: | HEE 15 (2 
4693.68 I | Crit .95 5 III 
4095.08 I | Cre 16-3 ER 
4697. 20 2-3: | Cr1.06 S III, Cri .40 (1 
4608. 89 s—6 | Cri . 20 III, Cri .g5 (2), Cri 9.59 (2) 
4702.84 2N | Mg1.83 (8) 
4705.77 - | Cri 6.10 21V 
4708 .04 C Cri .06 15 III 
4709.97 I | Fert .o9 (2), Fe1o.28 5 1V 
4714.26 [- | Nzr.42 25 II 
4718.27 4-5 | Cri.45 20lIlII 
4720.88 I | Fer 1.00 (1) 
4723.26 | 7 | Crp ogra HE Cri .41 4 
4720.96 2: Cri 7.15 6 III, Fer 7.41 3n I\ 
4730.94 6 | Crit .70o 8 III, Fem .49 (1 
4733.90 I | Fet .59 4 1B? Felt 4.10 (1) 
4737 <1 6 Fel 6.79 12 II? Cri -34 10 III 
4740.90 2 | Cri 1.09 (1) 
4744.80 I | Cri 5.30 2 III 
4747.80 4-5 | Om 8.14 (4 
4751.68. 3N =| Cri2.09 6IV 
4750.80 3N | Ceri ae3s Oe Crt e468 0 
4700.51 4n ?Cri1g.g2 (1) ?Cr10.87 (1), Crit 1.26 (1) 
4764.89 4: | Crt. .ax 6 TEL Cra .66 1 TEE Fets:4g:€3) 
4771.24 3n | Crt 0.69 (1), Fe1 1.71 (© 
4775.02 4-5 Cri .14 1 (IV) 
4779.5: | 2 T7111 .gg (1) 
4782.07 4-5 | Cri 3.00 (1 
4786.81 4 | Nir .54 15 1], Yur.57 10 IV, Fer .81 5 IV? 
4789.85 3 | Cri .35 20 II, Fer .66 7 V, Cr10.35 2111 A 
4792.27 I | Crz.ce agi 
4796.61 | 2 | Crt 27 2b 
4800.56 I Fer .65 (2), Cr1 1.04 15 III 
4805 .13 , | Tim .11 (2), Cru .18 (pred. 
I 
4 
5 
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TABLE IIl—Continued 


Star | Int. Identification 
4821.29 | 2 i ere 
4824.10 | 6 b Cray .23 (50) 
4826.90 I Late NOOR ME MARA Ma 05 ig asc ceaal 
4829.44 C | Crt.26 1811 
4833.09. IN | Be. 732) 
4836.21 5 | Crit .23 (2) 
4848.20. . 6n | Crit .27 (8) 
4856.30 | 4in Hp | Criz.rq4 (1) 
4861.24... 30 | HB .33 (9) 
4871.56 oul 4N | Crto.79 20 III, Fert 1.33 25 III, Fer 2.15 20 III 
4876.77 sN | Crit .42 (2), Crit .49 (pred.), Fer 8.23 12 III 
4881.75... “ee | Fer .72 (1), Fer 2.17 (1) 
4884.31 6NN Y 11 3.70 80 V, Crit 4.61 (1), Cr14.95 1 IIIA, Cri 5.77 


AU, Cri:s.08 (2), Crt 7.01/20] 
Fer .97 25 Ill, Fert 1.51 so tll 


3 | 
4902.96 5 | Cri-3:23 8 Ti, Pers. 33:12 TE 
4920.53 5 | Fetg.or 30 III, Feit 0.52 60 III 
4924.11 7 Fe tl 3.92 (20), Fe 1 4.78 3 V 
4933.97 2: ?Ba it 4.10 700 II 
4957.68. 5 Feit .31 20 III, Fer .61 60 III 


NOTES TO TABLE II 
The prefix ‘‘a” to the intensity denotes that the line is assymmetrical. 
4005.03. The wave-length is definitely less than the strong Fer line. There must be 
an unknown line causing a blend. 


4202.27. The wave-length is about a quarter of an angstrom greater than the strong 


27. 
Fet line. Again an unknown line must be disturbing Fe I 4202.03. 
4224.42-4227.40. The whole interval between these two lines is nebulous. 
4861.24. All lines to the red of 1/8 are not in good definition and the measures are 


uncertain. 
The Process plate, which is the principal basis for the wave-lengths, was too weak to 
the red of about \ 4700 to be measurable. The lines of greater wave-length were 


measured on an Eastman 40 plate. 


Al 1.—The doublet at 3944 and 3961 is well marked in ¢ Serpentis. 
The violet component is masked in 73 Draconis and the other mem- 
ber seems to be absent. A/1 is markedly stronger in € Serpentis. 

Si 11.—The violet component of the doublet at A 4128 and A 4130 
is blended in both stars. The red component is unblended and is of 
intensity 4 in € Serpentis. There is a line of intensity 2 in 73 Dra- 
conis at the position of the red component which is a blend of a 
neutral chromium line with Sz 11. Sz 11 is decidedly stronger in ¢€ Ser- 


pentis. 
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Cat.—The ultimate line at \ 4226 contributes about half the 
intensity to a blend with a strong Fe I line in € Serpentis. On two- 
prism plates of w Orionis, an A2 dwarf with a spectrum almost 
identical with € Serpentis, the Cat line is resolved from the Fe 1 
component, and each line is of intensity 4. In 73 Draconis, Ca1 
4226, if present at all, contributes to a faint blend. Several other 
lines of Ca I are present in € Serpentis; no others occur in 73 Dra- 
conis. Ca I is stronger in € Serpentis. 

Ca u.—The ultimate Ca doublet is very strong in € Serpentis. 
The lines are far stronger than any others in the spectrum, with the 
exception of the Balmer series of hydrogen. In 73 Draconis, K is of 
intensity 6, fainter than many other lines in the spectrum, and no 
stronger than several iron arc lines in the neighborhood. There is a 
greater difference in the intensity of K in the two stars than of any 
other line. It is weaker in 73 Draconis than in Bg and B8 stars, 
which contain no Fe1 lines. As the temperature of 73 Draconis is 
probably at least as low as that of other A2 stars, there is an indica- 
tion that the actual abundance of calcium is different. 

Sc u.—May be present in both stars but only as components of 
blended lines. 

Ti 11.—The lines of 77 11 at AX 4501, 4549, and 4571, vary in in- 
tensity in 73 Draconis in the period 2047 found for Eu 11 4205. The 
amplitude, except in the case of \ 4549, is small. The lines \ 4501 
and \ 4571 are blended with chromium, but in each case the princi- 
pal contributor is 7711. The lines in the neighborhood of \ 4300 
were not investigated because a number of the plates were weak in 
this region and there were no good comparison lines near by. At 
maximum, 77 11 is of approximately the same intensity as in ¢ Ser- 
pentis. 

V 11.—-The unblended lines in € Serpentis at \ 4023 and A 4035 
are of intensity 2. Ionized vanadium is doubtfully present in 73 
Draconis. It seems certain that no appreciable part of the variable 
line at \ 4205 can be due to vanadium. 

Cr 1.—Only the ultimate lines at AXA 4254, 4275, and 4289 seem 
to be present in € Serpentis and the latter two of these are blended. 
It is possible that one or two of the strongest additional lines may 
contribute sensibly to the intensities of blends. In 73 Draconis, on 
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the other hand, all lines in King’s list having intensities of 5 or 
greater are present, as are also a great many lines of lower intensity. 

In order that the intensities of the Cri and Fet lines might be 
compared in 73 Draconis and in the sun, the relation between the 
Rowland intensity scale and my own was determined by estimating 
the intensity of a number of unblended lines in a solar spectrum 
taken with the same instrument and the same kind of plates that 
were used for the stellar spectra. My estimates for the solar lines 
were plotted against Rowland’s intensities and, as the relation be- 
tween the two scales was linear, a straight line was fitted to the 
points. The comparison was made only to intensity 10 on my scale, 
as the hydrogen lines are the only ones in the case of 73 Draconis 


TABLE III 
CONVERSION TABLE FOR INTENSITIES OF LINES 
Int. (Rowland) | Int. (Morgan) Int. (Rowland) | Int. (Morgan) 

2-3 I 6 | 6 
ee 2 Ded ot: area ateaeacat 7 
4. 3 7-8 | 8 
7s 4 8 9 
a dw wigstep ele SieE a ae | 5 


whose intensities are greater than 10. The conversion table of my 
intensity scale to Rowland’s is given in Table III. 

Except at the lower end, the scales are practically identical. The 
lines of Cri in 73 Draconis can now be reduced to the Rowland 
scale and directly compared with the same lines in Rowland’s list. 
Table IV gives the sensibly unblended Cr 1 lines in 73 Draconis and 
in the sun on the Rowland scale, together with the intensities of the 
same lines in the sun, the intensities and temperature classes of the 
lines according to King, and the excitation potentials. 

As the Process plate of 73 Draconis deteriorates in quality 
markedly to the red of \ 4650, the scale of intensities probably also 
changes, and therefore no lines have been included in Table IV 
beyond this limit. 

There are twelve lines in Table IV for which excitation potentials 
are available. These lines fall into three groups: (1) the two ultimate 
lines; (2) five lines with excitation potentials of about 1 volt; and 
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(3) five other lines with excitation potentials slightly less than 3 
volts. If the excitation potentials of these lines are plotted against 
differences in intensity, 73 Draconis minus sun, we obtain Figure 3. 
The two ultimate lines are somewhat weakened; those having 
TABLE IV 
UNBLENDED LINES OF Cr LIN 73 DRACONIS AND THE SUN 


/ 


| Int. 73 Dra. | a ' 

d Lab. “hey | 0 O Int. Lab E.P. 
3919.10. 4 3 35 Il 1.03 
3920.65 3-4 fe) 3 1\ ea Ree 
3999.68 2-2 I 2V <a 
4026.18 3 ° 10 III 2.70 
4027.13 2-3 fe) 8 III 
4037.30 3 I 3 1 2.53 
4039.12 4 I 10 III 
4041.81 an 2 2V- $65 
4049.78 3 (1N d?) 21\ 
4050.06 4 ° 3 V 
4000.67 3 1) ” | CR ene aer Or 
4005.72 errs | a3 fo) 6 La 5 erelieeten ans 
4192.10 a shee sel) 2-3 —1 5 
4193.06 4 fe) 8 IV 
4197.23 ys o- 71V 
A2tT «35. 3 oN 6I\ nas 
4254.34. C-7 8 500 II 0.00 
4274.80 3-4 7 400 II 0.00 
4280.41 4-5n I ES WEE) Pussickeoorcewa 
4319.65... 4-5 ° 8 ITI 2.88 
4332.58... 4 ° BOW Pasa sisteeeees 
4346.83 2 I cold | | A Seapenge meee a 
4353-97 3-4 ° Pl’ GY neers 2 
4359-63 3-4 3 20 | 0.98 
4371.20 4 2 20 I 1.00 
4377-55 2-3 ° S208) Wiikienesaasas 
4381.11 4 fe) 6 Il 2.70 
4482.88 2-3 I BORER. © Pgleorswins 
4488 .05 3 fe) BBR daa sue caectars 
A400: 86.... 50 2-3 3 25 I | 0.94 
4511.91 4 I 10 III | ee yee ares eran 
MESOKOO. 6 1.5 oe cinle ac vicietens 4 3 20 I | 0.94 
MORE Sear ok es sh cist Yaw mw mnal meas a3 I iC ) ne, Ore Ce rec 


excitation potentials of about 1 volt are very little changed, while 
the lines of high energy-level are markedly strengthened. When we 
consider that the temperature of 73 Draconis is around 4000” higher 
than that of the sun, it is very difficult to account for the presence 
of the weaker Cri lines. In the case of the normal A2 dwarf ¢ Ser- 
pentis, the ultimate line at \ 4254 has an intensity of about 5 on the 
Rowland scale, that is, it is of about the same intensity as in 73 
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Draconis, but the large number of fainter lines which fill the spec- 
trum of 73 Draconis have completely disappeared. 

Cr. —The lines of Crit are at their maximum intensity in 73 
Draconis. Even the predicted lines are conspicuous. Ionized chro- 
mium is much stronger than in ¢ Serpentis. As the two stars are of 
approximately the same temperature, the enhancement of the lines 
cannot be due to temperature. The pressures in the reversing layers 
cannot be greatly different, as the wings of the hydrogen lines have 
about the same appearance. When the abnormal intensity of lines 
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Fic. 3.—Differences in Rowland intensities of Cr 1 lines in 73 Draconis and the sun. 
Ordinates are differences in intensity in the sense 73 Draconis—sun; abscissae are 


excitation potentials in volts. 


of both Cr1and Cr 1 is taken into account, it is difficult to dismiss 
the possibility of the actual abundance of chromium being different 
in the two cases. 

Mn. 1.—The strong ultimate lines at AA 4030, 4033, and 4034 are 
present. The first two lines are blended, but the last is apparently 
free from blends. Neutral manganese is probably slightly stronger 
in € Serpentis than in 73 Draconis. 

Fe 1.—The spectrum of 73 Draconis is dominated by the two ele- 
ments iron and chromium. Table V gives the sensibly unblended 
lines of Fe 1. The columns give: the laboratory wave-length; the 
intensities in 73 Draconis, e Serpentis, and the sun, all on the Row- 
land intensity scale; the laboratory intensity and temperature class 
according to King; and the excitation potential when known. A 
separate reduction of the intensities of the lines in € Serpentis to 


TABLE V 


UNBLENDED LINES OF Fe I IN 73 DRACONIS 














INTENSITY 
d Las. ; E P. 
73 Dra | € Ser. Disk Spot Lab. T.C. 
| 
3048.78.....| a4 4 3 10 IV 
39049 .96 3 5 4 rORKE | 2:57 
3051.17. | 3 | 5 4 GOP e.xc: 
3902.35 2-3 | 2 I (1) er re re 
3995-99. 3N ae 3 2 4lIV | 2.72 
3997.40 3 | Blended | 4 (5 15 Ill | 2.72 
4005.25 6 11 6 agmh | 6&5 
4009.72..... 3 4n 3 4 rolll | 2.21 
4044.62... 2-3 Blended | 3 3 6IV | 2.82 
4045.82. = | 12 30 28 | 6olIl 1.48 
4050.73... 2-3 | 3 2 I | oN © NSS olin smsenoc 
4061.96... 3-4 Absent 2 I CER even Sane 
4003.60. . 4 IO 20 15 | 45II 1.55 
4067.99... 3-4 4 6 6 | 8n III 3.20 
AOTE 7S oss 3) e 9 15 15 | 4oll 1.60 
4073.76...) 3 3 4 4 | 4nIV 3-25 
4104.14. 3-4 | Absent 5 4 3V 3.25 
4107.50 2-3 3 5 5 12 III 2.82 
4114.45 | = 3 | 4 4 | sIV 2.82 
Aly. 87 <. | 2-2 Absent | 2 2 | Oo) JM oes 
4118.56 3-4 Blended 5 5 |} «s51V ate 
Anat Ree. . sl 2-3 Absent 4 2 | (2) 3-35 
Pay eo en 2-3 5 6 5 | 71V Sea a 
A147 68)... 3-4 4 4 6 | tolll 1.48 
4149.37..... 3 Blended | 4 4 | snIV 3.32 
4150.81. at 4 Blended | 3 3 12 III 2.82 
ATR ERE. 3). | 2-3 3 5 6 | 8nIV | 3.40 
AETEGA... =| 2-3 | 3 5 5 | rolll | 2:83 
AISY 70. 2. =| 5 | 7 ¢ 6 | «sill 2.82 
4202.03.....| 4 a 8 9 30 I 1.48 
A210. 30. 2 34 | 5 4 (7 | 121V 
rl os | 2 3 4 41V 
4227.45 5 | Blended 4 5 30 III 
4235.95 5 8 8 9 25 Ill 4 
4245.24 2-3 Blended | 4 6 6 Ill 2.85 
4256. 21 3 | Absent I (2) 
4260.49. 6 | 4 | 10 9 | 35111 39 
4264.21 | 3 Blended | 3 3 | = (2) Eee 
4282.41 3-4 6 5 | 6 | «2Iil 2.17 
) | | r 
4285 .45 2-3 Absent | 3 4 3 1V 2 ai xl Seen Make 
4347.85 2-3 | Absent 2 3 (1) 3.50 
4305.90 | 3-4 Absent 2 2 (1) 2.98 
4383-55 3 7 15 15 45II | 1.48 
4404.75 3 7 | 10 10 30 II 1.55 
4443.20 2-3 Blended | 3 3 | 7111 | 2.85 
4447.73- 3-4 4 | 6 7 g Ii 2.21 





NOTE TO TABLE V 
Feit 4005.25 and 4202.03 are shifted about a quarter of an angstrom from their nor_ 
mal positions in 73 Draconis. There is probably an unknown blend causing the shift in 
wave-length in each case. The lines are not included in the following discussion because 
the blends seem to be serious. 
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the Rowland system was made. The published intensities of the 
lines were corrected by adding two units to bring them to the Row 
land system. 

In the case of Crt and Fe1 the material is sufficient to permit a 
preliminary investigation of the relative number of atoms absorbing 
lines of various degrees of excitation according to the method 
developed by Russell, Adams, and Miss Moore.* They first cali- 
brated the Rowland solar scale by means of the theoretical intensi- 


TABLE VI 
VALUES OF B FOR A 3900-4600 
ny B dr B 
ROO 665.55 408-08 1.16 ABOO. 6.05 Riana valeie kode 
BOO ria 5 5: Bie ae tts "oo 1 ee a eerie 1.05 
BEOO cis ase 9 ida Me bang B00 8d icaica se SEO 
BBOO 6.5: ae% ee:8 dc ee BODO 5.5, Pe 1.05 


ties of lines in multiplets. As the Rowland intensity scale changes 
with wave-length, an expression was adopted of the form 


log N=B log A , 


where N is the number of atoms absorbing a line of a given intensity, 
B is a function of \, and A is a function of the Rowland intensity X. 

The values of B for \X 3900-4600 are given in Table VII. Russell 
and Adams adopted B= 1.00 at X 5000. 

In the cases of 73 Draconis and ¢ Serpentis there will probably be 
a slight difference in the intensity scale, owing to the change in dis- 
persion along the prismatic spectrum. This has not been allowed for. 

As the lines used to transform the arbitrary scales of € Serpentis 
and 73 Draconis were chosen in the neighborhood of \ 4200, it was 
necessary to constuct a table of log A in terms of R for B=1.11 
instead of for B= 1.00. 

The values of log A for B=1.11 are given in Table VII. The 
values of intensities 2—3 and 3-4 were obtained by linear interpola- 
tion. 

Values of log N can now be found for the lines of Cr 1 and Fe 1. 
For comparison of the relative number of atoms in various states in 
different stars, the quantity 
N’ 

N’ 


log 


4 Ibid., 68, 271 and 279, 1928. 
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where N’ refers to a star and N to the sun, is computed. For Fe 1 
the data permit the sun, 73 Draconis, and € Serpentis to be used. In 
the sun the values of log A are, of course, the ones given by Russell 


TABLE VII 


VALUES OF LOG A FOR B=1.11 


R log A R log A 
ee r.36 7 3.18 
3 I .69 5 3-33 
3=4 Metnci [.Q5 Q Ae 3.45 
4 22 10 3.560 
5 2.05 I] j cracore eee 
Cee Gare areore Pee seek 3 12 were ys 


and Adams. The twenty-nine sensibly unblended lines in the ob- 
served region were used to compute values of log N’/ NV. The lines in 
e Serpentis and 73 Draconis were then grouped according to excita- 
tion potential and plotted in a manner similar to that used by 
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0.0 1.0 2.0 3.0 4.0 
lic. 4.--Values of log N’/N for Fe for 73 Draconis (closed circles), € Serpentis 
(open circles), Sirius, and Procyon. The values for Sirius and Procyon are taken from 
the work of Russell and Adams. Ordinates are expressed in log N’/N; abscissae are 


excitation potentials in volts. 


Russell and Adams. The normal groups are given in Table VIII and 
the results are shown graphically in Figure 4. A few lines were not 
observed in € Serpentis which were used in the case of 73 Draconis, 
and therefore the normal excitation potentials are not the same in the 
two stars. The curves found from a much more extensive study of 
Procyon and Sirius by Russell and Adams are also given in Figure 4. 
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The normal point at excitation potential o for e Serpentis has low 
weight as it depends entirely on one line. The curves in Figure 4 
show in another way the remarkable differences in decrement in the 
intensities of the Fe 1 lines in the two stars having the same spectral 
type and approximately the same absolute magnitude. Although the 


TABLE VIII 


NORMAL Groups OF LOG N’/A 


E.P. 73 Dra. e Ser. No. Lines 
role 5. ¢ . —1.3 I 
[.53-- | —2.0 0.0 | 5 
2. 360.. 0.7 2 | 6 
2O2.. 0.4 ed 10 
3.02 =—0.5 7 
3-35 —0.5 . 


number of atoms in the excited states in the vicinity of 3 volts is 
about the same, there are twenty-five times as many atoms absorb- 
ing the lines of excitation potential 1.5 volts in € Serpentis as in 73 
Draconis. An examination of the spectrograms of € Serpentis and 73 
Draconis shows that, while the higher subordinate lines are of about 
the same intensity in the two stars, the low-level lines AX 4045, 4063, 


TABLE IX 


NORMAL VALUES OF LOG N’/N For Cri 


| 


E.P. log N’/N | __No. Lines 
| 
0.00 5 0.73 2 
0.98. +O.44 5 
8 e Ce  ae ; 7 2..34 5 


4071, 4202, 4383, and 4404 are much weaker in 73 Draconis than in 
e Serpentis. At the present time we have no explanation of this re- 
markable difference in the spectra of two stars which appear to be 
physically similar. It is possible that the relative weakness of low- 
level Fe 1 lines as compared with those of high level is a character- 
istic of all the peculiar ‘‘chromium stars,” but further investigation 
will be necessary before this is established. 

From the reduction tables used for iron we can obtain values of 
log N’/N for Crit. There are twelve lines in Table IV for which 
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excitation potentials are available. Proceeding in the same way 
as for Fe 1, we obtain the normal points shown in Table IX. The 
columns are the same as for Fe I. 

These results are shown graphically in Figure 5. For comparison, 
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Fic. 5.—Log N’/N for Crt in Sirius (half-closed circles), Procyon (open circles), 
and 73 Draconis (closed circles). Ordinates are values of log N’/N; abscissae are ex- 
citation potentials in volts. The values for Sirius and Procyon are taken from the work 


of Russell and Adams. 


the values found for Cr 1 by Russell and Adams in Sirius and 
Procyon are also plotted. 

Fe 1.—The lines of Fe u are probably somewhat weaker in 73 
Draconis than in ¢ Serpentis. There is not a sufficient range in the 
excitation potentials of the lines to permit a study similar to that 
made for Fe 1. 

Ni 1.—Neutral nickel seems definitely present in ¢€ Serpentis. Its 
presence is very doubtful in 73 Draconis. 
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Ni u.—All the classified lines are present in the case of € Ser- 
pentis. The presence of ionized nickel in 73 Draconis is also very 
doubtful. There can be no doubt that both Nz tand Ni tare weaker 
in 73 Draconis than in ¢€ Serpentis. 

Sr u.—-The ultimate line at \ 4215 is very strong in both stars. 
It is possible that Sr 11 is stronger in 73 Draconis. The wave-length 
of this line is shifted slightly toward the violet in the latter star and 
the line is probably appreciably blended. 

Y u1.—Ionized yttrium is strong in both stars. The strongest line 
in the observed spectral range at \ 4177 is of about the same inten- 
sity in each spectrum. 

Zr u.—All the strongest lines are present in € Serpentis. The 
strongest lines are of intensity 5. Ionized zirconium is not present 
in 73 Draconis. 

Ba t1.—The ultimate line at \ 4554 is well marked in € Serpentis. 
If the line is present at all in 73 Draconis, it is not strong enough to 
shift appreciably the wave-length of the Cr u line which is located 
1 A farther to the red. There is, however, a star line near the posi- 
tion of the other strong Ba 1 line at » 4933 in 73 Draconis. 

La u.—Ionized lanthanium seems to be present in € Serpentis. 
There are several faint lines which are apparently unblended. There 
is no evidence for the presence of lanthanum in 73 Draconis. 

Eu tt.—The two strongest lines at \ 4129 and A 4205 are present 
in 73 Draconis. As has been described above, » 4205 varies in in- 
tensity in a period of about twenty days. The line at \ 4129 is too 
far to the violet to be investigated for variability on the plates 
available. Ionized europium does not seem to be present in € Ser- 
pentis. None of the other rare earths seems to be present in either 
Star. 

The star 73 Draconis is of such exceptional interest that it is 
being kept on the spectrographic program. It is now possible to ob- 
tain spectrograms which extend farther into the violet and much 
farther toward the red, and I hope to be able to extend the investi- 
gation over a wider spectral range than is included here. 

YERKES OBSERVATORY 


WILLIAMS Bay, WIs. 
November 8, 1932 





VARIATIONS IN STRUCTURE OF THE HYDROGEN 
LINES IN THE SPECTRUM OF H.D. 31293 
By PAUL W. MERRILL anp CORA G. BURWELL 
ABSTRACT 

General descri ption.—The hydrogen lines are very wide and diffuse with intense nar- 
row cores having bright edges on the red side. K is somewhat similar. A few dark 
lines of Mg 11 and Fe 1 are present. 

Measured displacements of various lines are given in Tables I and II. Those of the 
cores of the hydrogen lines vary through a range of 115 km/sec., but the wings remain 
nearly fixed. Orbital motion does not satisfactorily explain the facts. Atmospheric 
fluctuations having the same cause as the rapid motions in solar prominences are sug- 
gested as a possible alternative. 

A bright Ha line was detected in the spectrum of this star? on an 
objective-prism photograph taken with the 1o-inch telescope on 
February 18, 1928, and appeared to have approximately the same 
intensity on a similar plate taken December 23, 1930.5 

Slit spectrograms taken in our program on bright-line stars 
showed the hydrogen lines Hf, Hy, and H6 to have unusual struc- 
tures and led to the present brief investigation. The plates listed in 
Table I were taken with a one-prism spectrograph attached to the 
1oo-inch reflector. All except the first were with the 18-inch camera, 
giving a dispersion at Hy of 38 A per millimeter. 

A strong absorption core with sharp edges dominates H8, Hy, 
and /6 (see Pl. III). A bright fringe toward the red is conspicuous 
at 78 on most of the plates, but is always weak at Hy and Hé. It 
varies in intensity. Wide wings of low intensity complete the struc- 
ture. The dark K line is strong, with a well-defined minimum; the 
structure probably resembles that of 6, although the wings are 
less intense, and emission fringes are not seen. The dark magnesium 
line \ 4481 is narrow and measurable with fair accuracy. Dark 
lines of ionized iron are very weak and ill-defined. A grating spectro- 
gram Of the visual region, taken on September 19, 1932, shows Ha 

' Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 462. 

7H.D. 31293, B.D.+30°741; 1900 R.A. 45494, Dec.+30°24'; mag. 7.5; spectrum 
Harvard Ao, Mt. Wilson Aoep. 

3 Mit. Wilson Contr., No. 456; Astrophysical Journal, 76, 156, 1932. 
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to be a strong bright line, somewhat displaced toward longer wave- 
lengths, with a wide relatively weak absorption line on the violet 
side. D1,2 of sodium and D3 of helium are weak or absent. 

The measured displacements of the lines are in Table I. The cores 
of Hy and Hé apparently give the same values within errors of 
measurement; hence their mean value, yu, alone, is tabulated. The 
mean displacement ranges from —11 to —126 km/sec. and, as the 

TABLE I 
DISPLACEMENTS IN KM/SEc. 


| HB 





J.D Hy+Hs : H+K 
PLATE | DATE | 2420000 : = ee 4481 ; 
| ‘ | Abs. | Em 
Cig600"..6..cs. < | TO28 Ok... 3 ss23 | — 40 | — 7x | +138 |..... (—41) 
Ce Oct. 4] 5524 | 60 | 79 | 96 | — 8 | (—46) 
cy Soe ere Oct. 31 | 5551 | oz | 114 | 85 | +37 see 
Lo) Dec. 21 | 5602 | 82 | 107 | 108 | +13 | (—38) 
5144........| 1929 Mar. 1 5672 | 53 | 93 | 95 | +27 | —27 
ee, Sept.13 | 5868 | II 67 147 | +29 | —20 
Ce Sere Oct. 9 5804 | 85 84 79 7 9 | (47) 
§3e2,..... Nov. 20 | 5936 | 48 | 53 109 | +21 | —35 
ET ae Dec. 13 | 5950 | 50. 48 110 | —26| —29 
5401........| 1930 Feb. 12 | 6020 | 79 93 104 —14 | —46 
| Sept.10 | 6230]; 126 | 125 gI se Cee 
Oe Serene Nov. 12 | 6293 | 61 64 82 | +160 | (—24) 
Sl, Ree Dec: 3) ‘O34. | 60— | 49 I1r | —12]|(— 7) 
BONS oi ae neat Dec. 4 | 6315 | — 14 | — 26] +145 | +10 | (+ 7) 





* Ten-inch camera. All other plates with 18-inch camera 


last two plates show, is subject to quick changes. The varying dis- 
placements may or may not be caused by orbital motion, but we 
should consider it expedient to list this object as a spectroscopic 
binary. 

The displacement of the dark core of HB shows a curious relation- 
ship to uw. The plates may be divided, without changing their 
chronological sequence, into three fairly homogeneous groups as 


tabulated: 
Plates HB-p 
NOG; SO9O—S10T. 2.06 26sec es — 22 km/sec. 
BU AAS IO «5: 0)-<. 0s (ererere\ si — 48 
BBO S 6 ase, cio aie viele — 12 


The displacements of Hf (and to a less degree the values of 
HB-—) show a loose correlation with the intensities of the emission 
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component //6 Er in which increased emission accompanies alge- 
braically small displacements. 

The iron lines and magnesium dA 4481 yield displacements alge- 
braically larger than uw by 70 km/sec., while H and K give inter- 
mediate values. Mean displacements of various lines are in Table IT. 

The displacements of H and K show a correlation with yu, although 
their range is less and their mean value higher. The cause of the 
peculiar behavior of the hydrogen lines thus seems to affect H and K 
in a similar but less pronounced fashion. This fact is difficult to ex- 
plain on the hypothesis of orbital motion. The displacements of 
\ 4481 appear not to depend on y, nor do they show a correlation 


TABLE II 
MEAN DISPLACEMENTS OF VARIOUS LINES 
ee at sl 
HBa... i — 77 
|: — 29 
A 4481... + 8 
) 7 ee + 7 
Hea Er..... (+ 64) 
HG Er... +107 
Hy Er.. + QI 
H6 Er.. . Cr ey 


with those of Fe lines. The behavior of \ 4481 is clearly different 
from that of the cores of the hydrogen lines, but the apparent 
scatter with Fe u lines might be caused by errors of observation. 
Figure 1, in which the displacements of various lines are plotted 
against the time, exhibits graphically several facts already noted. 
The intervals separating the plates are apparently too great to bring 
out satisfactorily the true nature of the displacement-curves. 
Observations every night would be desirable for this purpose. 
Inspection of the negatives revealed changes in the structure of 
the hydrogen lines and suggested that the wings are more nearly 
stationary than the cores, which, as the measures show, are subject 
to widely different displacements (see Table I). This interesting 
phenomenon has been confirmed by a brief study with the micro- 
photometer of plates C 5057, C 5309, and C 5548 (see Fig. 2). Trac- 
ings of Hy and Hé on each plate were superposed in turn on the 
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corresponding curves of each of the other plates, the wings being 
placed as nearly in coincidence as possible; the distance between the 
cores was then measured. This gave two values of the relative dis- 
placement of core and wing for a line on each pair of plates. The 
measurements were then repeated, the rectified curves, i.e., those 
km/sec. 1929 1930 1921 


| | 
+160 | 4 




















J.D. 242 5600 5700 5¢%0o0 5900 6000 6100 6200 6300 


Fic. 1.—Displacements of spectral lines plotted against time 


in which the continuous spectrum on each side of the line is brought 
to the same density, being used. The four values so found are in 
Table III. 

The measured displacement of the cores was smaller on C 5309 
than on the other two plates, and the lines appeared more nearly 
symmetrical. For purposes of comparison we assume, therefore, that 
on this plate the wings have the same displacements as the core.‘ 
Table IV gives the results of applying to the measured displacements 

4 The slight error which this assumption may involve will not vitiate the results be 
cause we are finding merely the changes in the position of the wings which accompany 
the measured changes in the position of the core. 
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of the cores the differential displacements of the wings from Table 
III. The displacements of the core are the wu values from Table I 
converted into angstrom units. The approximate constancy of the 
first group of values in the last two columns compared with the 


TN a 




















l'1G. 2.—Intensity-curves sketched from microphotometer tracings. Upper, C 5309, 
1929 September 13; lower, C 5548, 1930 September 10; left, Hy; right, Hp. 


range in the preceding columns shows that the wings do not move with 
the core, but remain nearly fixed in position. In view of the agree- 
ment of the values for 6,5 the indication that the wings of Hy 
move by small amounts oppositely to the core cannot be relied 


TABLE III 


RELATIVE DISPLACEMENTS OF WING AND CORE 
(Angstrom units) 


C 5057—-C 5309 C 5548-C 5300 C 5548- C5057 
Hy Hé Hy Hé Hy Hé 
I.4 —1.0 2.4 —2.5 -1.0 —0.8 
1.4 2 2.3 1.0 0.4 0.4 
E.7 x 4.4 E34 0.3 0.0 
I. —0.9 2.0 es -O.I —I.0 
Means -1.50 —I.10 —2.20 —1.58 —0.45 —0.55 


upon. The last two lines of Table LV, based on a similar direct com- 
parison of plates C 5057 and C 5548, show the wings to have re- 
mained fixed within errors of observation while, in this instance, the 
cores moved about 0.5 A. 

The residual intensities (percentages) in the cores of the hydrogen 
lines on the last two plates were found to be as tabulated. The re- 


’ Their exact agreement to o.or A is a coincidence. 
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sults for H6 are uncertain; the true values may be less than those 


given. 
Hp Hy Hé 
i rr 7 | 13 (15) 
22 8 (8) 


C 5643 


The extreme widths of the lines cannot be stated with accuracy 
because it is impossible to determine exactly the point at which the 
photometric curve begins to fall below the level of the continuous 
spectrum. For Hy and H6, however, the widths are of the order of 
65 A. 

TABLE IV 
DISPLACEMENTS OF CORE AND WINGS 


(Angstrom units) 


Cor! WING 
PLATE 
Hy Hs Hy Hs 
C 53090 =0.10 —O.1§ (—o.10) oO. Pe 
C 5057 I. 33 [.25 TO.L7 0.15 
C 5548 1.83 | Bs =O). 37 0.15 
C 5057 i233 1.25 (—1.33) Y Sas) 
OS BAe 0: wv bcos E503 =F 98 —1.38 1.18 


The low residual intensities at the minima of the hydrogen lines 
make improbable the assumption that the cores are produced by 
one star while the wings and certain other lines come from a com- 
panion body. The large range in the displacements of the core com- 
bined with the nearly fixed positions of other lines is also unfavor- 
able to this assumption. Another strong argument against it is the 
fact that the range in the velocities from H and K is less than that 
from the hydrogen cores, while the mean velocity is intermediate 
between that from the cores and from other lines (see Fig. 1). 

Rejection of the binary hypothesis, however, leaves us in a pre- 
dicament, for we must then imagine the atoms producing the core 
to have high and rapidly changing velocities with respect to the 
lower and nearly stationary layers responsible for the wings and the 
lines of other elements. Such motions must not be considered 
total'y impossible, however, for they are of frequent occurrence in 
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solar prominences. Indeed, a curious parallelism between typical 
features of Be spectra and certain phenomena of the solar chromo- 
sphere indicates a degree of similarity between the physical condi- 
tions in atmospheres of Be stars and those in the chromosphere and 
prominences and suggests, by way of speculation, that the (un- 
known) cause of rapid motion in prominences may perhaps, in stars 
hotter than the sun, be sufficiently powerful and well organized to 
produce observable effects in the spectrum of the integrated light. 
The spectrum of H.D. 31293 is one of a number of early-type 
spectra with emission lines in which changes in the complex struc- 
ture of the hydrogen lines accompany displacements of the core.° 
This behavior is important in the general problem of bright lines in 
stellar spectra, and related phenomena may, in some stars, be 
involved in the structure and displacements of lines without 


recognized emission. 


NOTE ADDED TO PROOF 
We have just noticed that H.D.31293 is identical with AB Aurigae, a 
variable of the R Coronae type.? The recent light-curve is not at hand, but it 
seems probable that our spectrograms were taken at or near the constant 


maximum brightness. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
October 1932 


° The spectrum of H.D. 163296 is remarkably similar in appearance and behavior to 
that of H.D. 31293 (Mt. Wilson Contr., No. 409; Astrophysical Journal, 72, 98, 1930). 


1 Harvard Bulletin, No. 798, 1924. 








THE VARIATION IN THE RADIAL VELOCITY 
OF a ORIONIS FROM 1923 TO 1931! 
By ROSCOE F. SANFORD 


ABSTRACT 

Mean radial-velocity variation —The radial velocities of a Orionis obtained at Mount 
Wilson between 1923 and 1931 show a mean long-period variation whose times of maxi- 
mum and minimum are represented by Jones’s elements, but whose amplitude exceeds 
his by 50 per cent. Variations within shorter intervals do not appear to be periodic. 

Relation between mean light and mean velocity variation—The mean curves are so 
related in phase that the pulsation theory would require that maximum light coincide 
with minimum radius and minimum light with maximum radius. The change in radius 
would be of the order of 114.5 X 10° km, or about 30 per cent on either side of the most 
probable median radius. Measures of the diameter with the stellar interferometer have 
extreme values which are in harmony with this result, but are too few to establish with 
certainty a periodicity in the change. 

When individual observations are considered, changes in radial velocity are not con- 
sistently related to changes in light except in the case of the most pronounced of the 
secondary fluctuations, when the velocity decreases as the light increases and vice versa. 

Temperature and spectral class—The surface temperatures computed from the ap 
parent visual magnitudes and the radii at maximum and minimum of light are reason- 
ably close to those associated with the first few subdivisions of spectral class M. The 
spectrum appears always to contain the bands of titanium oxide and to undergo little 
if any change. The indicated change in radius and magnitude requires a surface bright- 
ness at maximum which is about five times that at minimum. 


J. Stebbins’ has recently published a series of observations of the 
brightness of a Orionis extending from 1908 to 1931, made with 
selenium and photoelectric cell photometers at the Universities of 
Illinois and Wisconsin. He finds measurable changes in brightness, 
not infrequently rapid enough to be associated with a period of less 
than a year, although no single period seems to represent them, and 
he is inclined to regard these variations as irregular. The reality of 
a longer period may be fairly well established, however, by group- 
ing each season’s observations into a normal place and assembling 
the normals in a single cycle. A least-squares solution gave 5.4 years 
for the period. H. S. Jones’ had found 5.781 years to be best suited 
to the radial velocities available to him. Stebbins considers this 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 464. 

2 Publications of the Washburn Observatory of the University of Wisconsin, 15, 177-191, 


1931. 
3 Monthly Notices of the Royal Astronomical Society, 88, 660, 1928. 
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period and concludes that it does nearly as well for his own observa- 
tions, that it represents the Cape and Lick Observatory radial 
velocities used by Jones, and, finally, that it is required by practi- 
cally all the important long series of visual estimates of the light. 
Jones’s period is therefore assumed to be correct. Stebbins’ data 
furnish a good mean light-curve and also a fairly detailed continu- 
ous record covering the twenty-three-year interval, both of which 
are of particular interest in what follows. 

Spectrograms of a Orionis with high dispersion have been ob- 
tained at Mount Wilson since 1923, partly because of the interest 
attaching to its curious variations of radial velocity and partly to 
have a record of their values concurrent with measures of angular 
diameter with the stellar interferometer. The resulting radial 
velocities may now be considered in connection with Stebbins’ 
observations and mean light-curve and Pease’s measures of the 
diameter with the interferometer. The forty-four spectrograms 
(Table I) suitable for the determination of radial velocity were 
obtained partly with a three-prism spectrograph attached to the 
60-inch (dispersion, 5.1 A per millimeter at Hy)? and partly with 
various auto-collimating spectrographs used with the too-inch re- 
flector in coudé form (2.9-5.0 A per millimeter). 

The measured radial velocities depend on a group of about sixty 
lines selected to minimize the effect of blends as much as possible. 
Since these effects cannot be avoided entirely, corrections were 
necessary, especially for those spectrograms on which it was not 
possible to measure all the lines of the group. The mean velocity 
for a spectrogram reduced with the Revised Rowland wave-lengths 
for all the lines is probably substantially correct, since the effect of 
blends on different lines of this group is accidental. Average sys- 
tematic deviations from the mean velocity formed for the individual 
lines from a number of plates afforded a basis for the necessary cor- 
rections. A comparison of the corrected wave-lengths with those 
taken from the Revised Rowland shows a mean difference of less than 
o.o1 A. Furthermore, the agreement of the velocities derived from 
individual lines on a single plate is as good as can be expected with 
the dispersion used. 


4 Mt. Wilson Contr., No. 59; Astrophysical Journal, 35, 163, 1912. 
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The individual velocities of Table. I are plotted in Figure 1a as 
ordinates against the Julian dates of observation. Three-prism 
plates are represented by crosses; coudé plates by encircled crosses. 
In addition, Lick Observatory® velocities obtained since 1920 are 
indicated by dots and open circles, the latter representing results 
with low dispersion. Lick Observatory spectrograms taken since 


TABLE | 


Mount WILSON RADIAL VELOCITIES OF a ORIONIS 


Plate No. | J.D. | Vel. Plate No. | J.D. Vel 

km/sec. | | km/sec. 

v 11437"... ..|2423365.968 | -+21.3 Coudé_ 5... .|2424597.701 + 18.9 
11495. . | 3422.721 23.9 46...| 4807.000 | 15.4 
11496... 3422.706 23.2 pa 4835 .920 10.1 
pa160....... 2.) 36090 .009 22.9 SO). 4879 .833 10.1 
12170. seers 3090 .035 23.9 62 4903 .090 18.1 
T2194... . 3713.940 23.2 00....<] 4014.6090 10.4 
E2204.....5.] 3747-580 20.9 7 15377...| 5189.950 19.4 
12324. | =. 3769. 803 23.6 15465...|  5248.756 21.8 
P2sec...3.5.| 87607528 22.6 15406...|  5248.806 23.4 
12401......|  3802.661 21.9 15616...| 5314.627 22.8 
12402......| 3802.687 21.9 15667...| 5343.622 23.0 
) ye 3834 .620 21.7 Coudé 123.. 5592.883 29.0 
E3002........ 4100.810 20.2 i27 ... 5609 .876 22.8 
ee eee 4131.802 | 18.3 138...|  5613.816 20.5 
oi es 4159.058 18.6 bo? <1 5696.712 23.7 
lt er | 4191.679 | ey 7 eae | 5906 . 966 23.7 
BAO S6 oS sscicic |. 4597910" | 16.8 219...| 5929.848 21:0 
13717....--|  4403.014 19.6 231...| 5932.863 23.7 
Kk ee 4480 .936 19.2 243 5906 . god 21.8 
ek 4482.961 | 19.1 350 6252.963 18.0 
13929 | 4508.888 21.1 365...}  6290.930 19.3 
soot... .. 4537-790 2227 BIOs 6:1 6603 .9g2 +18.6 


* Plates of the y series are with the three-prism spectrograph and 60-inch reflector. 


1926 have been kindly lent to me by Dr. Moore. The velocities 
(the third column of Table II) are from my own measures reduced 
with the system of wave-lengths used for the Mount Wilson spectro- 
grams and corrected for flexure. There is no evidence of any ap- 
preciable systematic difference between these results and those ob- 
tained from the earlier spectrograms which were reduced at the Lick 
Observatory. Both the Lick and the Mount Wilson measures show 
that variations of considerable range may take place in a single 
season. This has been the usual result whenever the star has been 


5 Publications of the Lick Observatory, 16, 81, 1928. 
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observed with adequate dispersion. No simple period appears to 
represent these changes, which sometimes occupy an interval as 
short as two hundred days and sometimes as much as five hundred 


J.D. 2423000 4000 5000 6000 


























J.D. 2423000 4000 5000 6000 


iG. 1.—(a) individual radial velocities of a Orionis as abscissae against Julian dates 
as ordinates. Dots and circles, Lick Observatory observations, 1920-1931. Crosses 
(three-prism spectrograms) and encircled crosses (coudé spectrograms), Mount Wilson 
observations, 1923-1931. (6) Mount Wilson normal places. In both (a) and (6) the 
broken-line curve is from Jones’s elements, the other from the Mount Wilson elements 
which define the y velocity represented by the broken horizontal line in (b). (c) Pease’s 
observations with interferometer for determination of star’s diameter. (d) Stebbins’ 
individual determinations of magnitude and his mean light-curve. (e) Nicholson and 
Pettit’s radiometric magnitudes for a Orionis. 
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days. The outstanding high values from Lick Observatory repre- 
sented by circles might be attributed to the low dispersion used; but 
coudé plate 123, which is of excellent quality, gives an almost 
equally high value. 

It is also evident from Figure 1a that the velocities follow a varia- 
tion covering several years which is marked by fairly definite maxima 
and minima. The broken curve in Figure 1a based on Jones’s ele- 
ments (Table IV) shows general agreement in the observed and 
predicted maxima and minima and is further justification for adopt- 
ing a period of 5.781 years. 


TABLE I] 


LIcK OBSERVATORY OBSERVATIONS AFTER Ig20 


No. | Julian Day Vel. No | Julian Day | Vel 

km/sec. km/sec. 
15735 er 2425104 sas ae 10242 2425501 + 24.6 
i. 51604 21.9 10257 5571 24.3 
to 5176 22.5 16299...... 5587 22.6 
15768.. . SI77 22.0 17032 59045 23.5 
16138... 5513 25.5 17033 5945 23.8 
OTST :..4 5528 20.0 17045.. 5945 32.9 
PODTS «.<.4.<5.5< 5530 25.9 I7141 ‘ 6025 19.8 
BOBS 6's. aie: 50808 5537 20.1 >) 6025 20.7 
LOIQ7 « <.. 5539 + 20.0 


In order to show more clearly the long-period variation in the 
Mount Wilson radial velocities, normal places have been formed by 
combining not more than four consecutive values, which in no case 
cover an interval much exceeding one hundred days. The mean 
values are given in Table III and plotted as circles in Figure 10. 
The barred circles are a repetition of normal places preceding 
J.D. 2424200, brought forward one period. For convenience, the 
normal places have been represented by the orbital motion of a 
spectroscopic binary, although it is not suggested that such is the 
real explanation. The elements, which, exclusive of the period, were 
once corrected by least squares, are given in Table IV. 

The continuous curve in Figure 10 is defined by the Mount Wilson 
elements, the broken-line curve by Jones’s elements, as also in 
Figure 1a. The maxima and minima of the two radial-velocity 


EE —— 
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curves agree closely. The amplitudes, however, are 6.16 km/sec. 
for Mount Wilson and 4.12 km/sec. for Jones, and a glance at 
Figure 1b shows that the larger amplitude is necessary for the repre- 


TABLE III 


NORMAL PLACES FOR a ORIONIS 


No. Julian Day Vel Plates Involved 
km/sec 

I 2423404 22.8 Y 11437, 11495, 11490 
2 3702 23.4 y 12169, 12170, 12194 
3 3762 22-4 Y 12294, 12324, 12325 
4 3813 21.8 Y 12401, 12402, 12497 
5 4131 19.0 Y 13092, 13129, 13184 
° 4192 16.2 | ¥ 13254, 13255 
7 4450 19.3 Y 13717, 13893, 13597 
8 4548 20.9 Y 13929, 13991, C 5 
9 4821 15.8 | C46, 47 
10 4899 16.9 C 59, 62, 66 
II 522! ai .2 Y 15377, 15465, 15466 
12 5328 22.9 y 15616, 15667 
13 5627 24.1 C423; 127, 138, 162 
14 5918 22.4 C 211, 219 
Is 5950 22.8 C 241. 243 
16 6271 18.7 | C350, 365 
17 6603 +18.60 C 419 


TABLE IV 


ORBITAL ELEMENTS OF a ORIONIS 


Jones Mount Wilson 

Period 5.781 yrs. 5.781 years (assumed) 
K 2.06 +0.09 3.08 +0.42 km/sec. 
e : ©. 208+0.039 ©. 200+0°7069 
@.. 28e°8 +1371 Bey sy eee ser 
T ..1904.97 +.18 yrs.= J.D.2425444.7+77%9= 

1928.09+ 18 yrs. 1928.545+0. 21 
Vi cess s sus on no Pees ky/see. + 20.33 km/sec. 
@sint......... §8,§00,000 km 81,773,000 km 


sentation of the normal places. A possible explanation is a variation 
in the amplitude, the mean for the several cycles used by Jones 
being less than that for the 1923~1931 observations. The residuals 
for the normal places are, however, larger than those to be expected 
from individual observations if only a smooth variation is involved. 
Presumably, therefore, the effect of the shorter fluctuations has not 
been smoothed out completely by forming normal places. 
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Stebbins’ observations of a Orionis during 1920-1931 inclusive are 
shown in Figure 1d, together with his mean light-curve. The ordi- 
nates (magnitude differences) are positive when a Orionis is brighter 
than the mean of the comparison stars. 

Although individual measures do not consistently follow the 
curve, their departures are no more pronounced than those of indi- 
vidual radial velocities from the mean velocity-curve. Nicholson and 
Pettit have kindly placed at my disposal some radiometric measures 
of a Orionis made with the thermocouple. Although not numerous, 
they are of interest in confirming some of Stebbins’ results (Fig. re). 
From J.D. 2423200 to 2423800 they show the steady increase ob- 
served by Stebbins, and the few between J.D. 2424500 and 2424900 
are consistent with the irregularity in Stebbins’ measures marked 
by the rise from a quiescent stage to a secondary maximum at 
about J.D. 2424700 and followed by a decline to a minimum at 
J.D. 2424900. During this interval the radial velocities ranged from 
a secondary maximum to a secondary minimum, perhaps somewhat 
before J.D. 2424800, after which they increased rapidly at the time 
when the light was rapidly waning to the secondary minimum at 
J.D. 2424900. There is, however, no general correlation between 
light and velocity of the kind suggested by these individual observa- 
tions. For example, the rapid change in radial velocity in the inter- 
val J.D. 2424100~-2424200 occurred at a time when the brightness 
was remarkably constant. The radial velocities and the photo- 
metric measures all show deviations from the mean curves which can 
scarcely be ascribed to errors of observation. Their interrelation 
apparently can be unraveled, if at all, only by a large number of 
observations of all kinds extending over several years. 

Stebbins concluded that velocity minimum for the period of 
5.781 years follows light maximum by 1.5 years. Comparison with 
the Mount Wilson mean velocity-curve shows an even larger inter- 
val. In fact, maximum light occurs very nearly at the time when 
the diminishing radial velocity becomes equal to the velocity of the 
system. Further, minimum of light is just as closely related to the 
instant when the increasing velocity equals the velocity of the sys- 
tem. The relation between the mean light- and velocity-curves is 
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therefore neither that of an eclipsing binary nor that of an ordinary 
Cepheid variable. 

Much has been made in recent years of the theory of pulsating 
stars, especially in explaining the light variations of Cepheids. It is 
interesting to note how the light and velocity variations of a Orionis 
fit into such a theory. If its observed variation in radial velocity 
results from pulsation, the maximum and minimum diameters 
should be reached as the radial velocity referred to the center of the 
star changes sign. These changes occurred near J.D. 2425190 (maxi- 


TABLE V 

\ car —— - | Seven Referenc : 
1920.9 10 ft. 07047 | A.S.P. Pubs., 34, 346, 1922 
1921.9 8.< O54 Thid. 
1922.9 14 034 Thid. 
1924 : ; ip a) Annual Report Mt. Wilson 

Observatory, 1924 

1925 ore 044 Tbid., 1925 
1020. 6.0.55. ' 14 .| Ibid., 1925-1926 
1927 ' th.8 [bid., 1926-1927 
1928 ie ae Tbid., 1927-1928 
1930 0.040 Tbid., 1930-1931 


* Pease gives low weight to this measure 


mum diameter) and J.D. 2426140 (minimum diameter). These dates 
are close to the times of light minitnum and maximum, respectively. 
In other words, the assumption of pulsation leads to the conclusion 
that the star has its least diameter at maximum light, and vice versa. 
Moreover, the value of asini (from the elements), increased by 
about 40 per cent to allow for oblique rays from the star’s limb, is 
roughly a measure of the change in radius undergone by a pulsating 
star.° For a Orionis this quantity amounts to 114.5 X 10° km. 

These results raise a question as to the evidence furnished by 
direct measures of the angular diameter of the star. Pease’s pub- 
lished measures with the stellar interferometer are in Table V. The 
extreme values are 07034 and 0”054. With a parallax of o7017+ 
0”004 the mean (07044) corresponds to a linear radius 279 times 
that of the sun, or 196 X 10° km. 


6 Proceedings of the National Academy of Sciences, 5, 422, 1919; Russell, Dugan, 
and Stewart, Astronomy, 2, 767, 1927. 
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The extreme values measured give, similarly, 246 x 10° and 146 Xx 
10° km for the maximum and minimum radii, respectively, or a 
difference of 100 X 10° km, which is to be compared to 114.5 X 10° km 
given by the radial velocities. The two values, representing a 
fluctuation of about 30 per cent on either side of the mean radius, 
agree surprisingly well when all the uncertainties upon which they 
rest are considered. 

The interferometer measures given in Table V have been plotted 
in Figure tc as mirror separations against Julian dates of observa- 
tion. All values previous to J.D. 2424200 have been carried forward 
one period (5.781 years) and entered as encircled crosses. The result 
is not very definite, but the minimum mirror separation (maximum 
diameter) seems to be not far from minimum light. It is difficult to 
infer the course of the curve for mirror separation through the re- 
maining observations, but they are as well represented by a maxi- 
mum near light maximum as by any other arrangement involving a 
simple curve with a period of 5.781 years. Curve tc agrees with the 
radial-velocity curve in making the maximum radius correspond 
with light minimum and the minimum radius with light maximum. 
The curve is, however, so uncertain that its evidence is far from 
satisfactory. 

If maximum light really corresponds to minimum radius, and 
vice versa, the surface brightness at maximum light must be nearly 
five times that at minimum light in order that an area o.3 that at 
minimum shall have a magnitude that is 0.4 brighter. 

The superficial absolute temperature of a star is given by’ 


T= 5900° 
3.05+0.20m+log d’ 


where m is the visual apparent magnitude and d the angular diameter 
in seconds of arc. For 


m=0.7 , d=0"%034 (maximum light) , 


mM=1.1, d=0.054 (minimum light) , 


7 Russell, Dugan, and Stewart, op. cit., 2, 749, 1927. 
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we find T=3430° and 2950° for maximum and minimum, respec- 
tively, and 3190 for the median temperature. Normally, the 
maximum and minimum values would correspond® approximately 
to spectral types gK5 and gM3. For such a difference in spectrum 
there would probably be detectable differences in both the lines and 
the bands. Since the lines do not seem to change and the bands of 
titanium oxide are always present, the spectrum is at all times ap- 
parently of class M. Small changes in the intensity of the bands cor- 
responding to a few tenths in spectral class are not, however, ex- 
cluded. Further, the spectrograms give no trustworthy evidence as 
to changes in the effective wave-length which might be expected to 
accompany so large a variation in surface brightness. Although the 
computed temperature change would in the mean indicate a spectral 
variation of the amount given, it is not greater than the dispersion in 
temperature among individual early class-M stars, and the spectro- 
grams do not exclude the small spectral changes which might ac- 
count for such a temperature range. 
CARNEGIE INSTITUTION OF WASHINGTON 
MOuNT WILSON OBSERVATORY 
September 1932 


8 Tbid., p. 753: 








ON THE SPECTRUM AND RADIAL VELOCITY 
OF U MONOCEROTIS' 
By ROSCOE F. SANFORD 


ABSTRACT 


Radial velocities.—Spectrograms of U Monocerotis over the interval 1922-1932 show 
a variation of 40 km/sec. in the center of mass velocity in a period of about 2300 days. 
The change from lowest to highest velocity occupies two-thirds of this period. 

When the observed radial velocities are corrected for the foregoing long-period varia- 
tion and then plotted with the best period available from photometric data, a velocity 
variation with a total amplitude of 23 km/sec. is obtained. This variation has double 
maxima and minima and a period of 92.26 days. The velocity of the system is + 34.6 
km/sec. 

The enhanced lines are displaced to the red of the arc lines by an amount equivalent 
to a velocity of 5 km/sec. Blends no doubt affect this result. The emission lines of 
hydrogen, when present, give a displacement of 39 km/sec. to the violet. 

Relation of changes of light, velocity, and spectral class —The phases for the latest 
spectral class and other associated features are followed in a very few days by the phases 
of light minima, which in turn slightly precede the velocity maxima. A similar order 
exists for the epochs of earliest spectral class, light maxima, and velocity maxima. Co- 
incidence of light maxima and velocity minima, and vice versa, is, however, possible 
because of some uncertainty as to the exact phases of the extremes of velocity. The 
latest spectral class appears to occur when the radial velocities are on the increase, 
whereas the earliest spectral class goes with a decrease; but there is no definite relation 
to the termination of velocities of approach or of recession. 

Gould describes the discovery and early observations of U Mono- 
cerotis’ in the following words: 

The magnitude of this star, which I have designated as U Monocerotis, was 
noted by Lalande as 8, and by Bessel as 6; but the limits of its fluctuation appear 
to be approximately 6.0 and 7.2. A continuous series of estimates was made by 
Mr. Thome in 1873 from April 21 to June 14; showing maxima about April 20 
and June 5, and a minimum on May 14. Another maximum must have occurred 
not far from 1874 Jan. 18, on which date the magnitude was estimated as 6.0. 

The period is about 46 days and minimum somewhat nearer to the preceding 


than to the following maximum. 


The numerous photometric observations throughout the re- 
mainder of the nineteenth century? include the work of such experi- 
enced observers as Espin, Sawyer, Pickering, Yendell, Markwick, 

t Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 465. 

2 B.D.—9°2085; A. G. Wien-Ott 2696; Boss 1970; H.D. 59693; (1900) a=7'26"o, 
§=—9 34’. 

3 Resultados del Observatorio Nacional Argentino, 1, 333, 1875. 

4 Miller and Hartwig, Geschichte und Literatur des Lichtwechsels, 1, 228, 1918. 
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Dawson, Pereira, Hartwig, Hisgen, and Luizet. Observations of com- 
paratively recent date have been made by E. Loreta’ and F. Lause.° 

Much of this work reveals a variation of light intimately related 
to the 46-day period first found by Thome. But as time went on and 
series of observations covering longer intervals accumulated, it be- 
came evident that the variation did not strictly follow this period 
and was best interpreted as that of the RV Tauri type. This con- 
clusion required that Thome’s period be doubled. There are, there- 
fore, within this longer interval two maxima and two minima. 
Further, U Monocerotis, like other variables of this class, undergoes 
changes involving the depths of the minima and the heights of the 
maxima. At times the minima may be nearly equal, or either one 
may be the fainter. It is not known whether these changes are re- 
current in some long period or whether they follow no fixed law. 
D. B. McLaughlin,’ who has studied the light variations of the RV 
Tauri variable R Scuti, concludes that ‘‘the irregularities of R Scuti 
are themselves related in a regular manner.”’ Since this star, which 
has hitherto been considered about the most irregular member of its 
class, seems after all to conform to law, other RV Tauri stars may, 
on intensive study, also prove regular. Meanwhile the period best 
suited to the existing data on U Monocerotis appears to be 92.26 
days. 

Radial velocities —U Monocerotis is one of the brightest of the 
RV Tauri variables and hence as favorable as any for spectroscopic 
study. Table I lists 51 one-prism spectrograms, with a dispersion 
of about 37 A per millimeter at Hy, obtained at Mount Wilson with 
the 60-inch (y series) and 1oo-inch (C series) reflectors. Seven of 
these were obtained between 1922 and 1927, after which the seasons 
are successively represented by observations as follows: 


Spectrograms 


BOS F-10920 oc. kos sete 4 
1928-1920. ister 5 
FOZO-1OSO.. 8 eee Osc Pe) 
BOSOSTOR Fok pied ewe 14 
LO3I—-1932.... eae! 


> Bulletin de VObservatotre de Lyon, 11, 460A, 1920. 
© Astronomische Nachrichten, 239, 50, 1930; 244, 79, 1931. 


7 Publications of the Observatory of the University of Michigan, 4, 135, 1932. 
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TABLE I 
RADIAL VELOCITIES OF U MONOCEROTIS 


























Plate No. | J.D. 2420000+ | Phase Vel. | Corr | Corr. Vel 
- Sas SSS 7 < - 7 - = | - : “a > | . - 

| | | km/sec. | km/sec. | km/sec. 

¥ 1O725....:. 3060 . 893 —684 | +33.8 — 4 +30 
10902... 3126. 726 — 2 27.3 | + 6 | 33 
11485......| 3419.956 +14 | 26.6 | +18 45 
12344......| 3773-978 <a 29.1 | +15 44 
12444... 3810. 785 + 26 18.2 +14 | 32 
te eer 4604 .697 ° 39.60 | —II 20 
14865.. 4957-753 30 | 56.4 | —22 34 
C 4573. 5222.933 —28 | 49-3 | + 3 36 
+ I5502-.... 5285.803 —57 48.2 | —I10 38 
15004......| 5306.722 —— | 43.9 | — 7 37 
15000.... 5310.075 ==33 | Siok we’) 30 
16365.... 5609 . 867 —10 ag.5. | +15 45 
POSTS . 5.0» 2 5611. 803 — 8 | 25.1 | +15 40 
Tr6389..... 5613.851 — 6 21.9 5 me 37 

iS S04; . 5700.672 —II | 20.3) | +18 39 
AIEOGOS... «<> 5703 .635 — 9 | 19.9 | +18 38 
¥7O20.....:| “SO07:035 +10 14.1 +17 31 
17098......| 50936.015 53 33.5 | +17 51 
r7iat... 5961.992 | —27 20.0 | +16 26 
RFS0Q....% 5969. 868 —I9 28.2 +16 | 44 
17174......] 5981.829 — 7 28.8 +16 | 45 
£7903....... 5 6023.701 —57 22.6 +14 | 37 
07242... 6054.648 —20 24.9 5 ee 38 
Gy Ae 6082.659 + I re. +13 | 28 
yy X7FBOO.... 6262 .987 — 3 260.6 | + 7 | 34 
Ci ee Bt es... 6266 .027 ° 26.5 + 7 34 
y 17840......] 6282.975 —75 227 | = ae} 40 
y 17871......| 6288.036 — 71 34.4 = ee | 41 
17896......}] 6293.989 —65 22.2 = Tae | 40 
EJGO0. ..... 6310.999 —438 9.9 + 6 16 
EFORS: 60010 6316.963 —42 7.1 + 6 | 23 
17906.... 6320.926 — 38 9.9 + 6 26 
EJOF7 «+ = 6322.931 ==30 2eo5 See 31 
PFIDOF e005.) “C295. O14 ser’ X 38.1 | 40 44 

So S698... 6342.901_ | —16 Ce aa + 6 | 39 
y 18032..... 6345 . 885 a3 an + | 40 
18053......| 6374.749 +17 34.3 | +6 | 40 
EGOTS « «+: 6402.645 —48 20.9 | ee | 20 

V 6s5”.....| 6640.021 + 5 18.0 — I 17 
y 18554......| 6663.935 —64 38.6 =F 38 
FOSSO. «<<: 6664 .930 —63 41.8 — J 41 
EOGOA... 6676.997 ey 35.2 = 2 34 
18603......| 6693.893 — 34 28.2 | ee 26 
18628......| 6706.828 — 20 A307 — 2 2 
18638..... | 6723 .883 = 33-4 wae 30 
18669......} 6731-751 | es 39.0 ee | 36 
18684......| 6736.780 +10 35.0 = 2 32 
18697... | 6758.674 —6I 36.2 = 4 | 32 
C -5968.. | 6762.789 | —57 40.8 —4 | 37 
vy 18776... | 6793 .653 — 26 37-7 ie 34 
tC OBE... 6796 .687 — 23 “31.3 —4 ae 








| 
* Obtained with three-prism ultra-violet spectrograph and 1o-inch camera; dispersion 23 A per milli- 
meter at H and 


’ 
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The radial velocities in the fourth column of Table I were ob- 
tained by reducing the measures with the Mount Wilson tables for 
arc lines applicable to spectral class G. The observations are not 
numerous enough for a dependable study of differences in the be- 
havior of the radial velocities during successive or closely adjacent 
cycles, but considerable information of interest comes out of the 
mean results. The following discussion compares the light-curve, 
the velocity-curve, and the curves showing various spectral changes. 

The period of 92.26 days obtained from the photometric data 
represents the radial velocities as well or better than any other and 


TABLE II 

Approximate J.D Systematic Deviation 

2423100....... ..eeees (4+ 4) km/sec. 
C70 Set are er a (+ 9) 
RROD are ecard at eae es (+15) 
7111 (2 ee ee Aner it ) 
AGOOSs.o5. ~ acess he se ee (24) 
[2 On arg eee —10 
SOIO8 Piece +17 
GGG 5 ssi eccsrcceleets +15 
rset ncce oe sa + 5 
OIF Sa ee cc sen fe) 


was therefore adopted. The phases for the spectrograms were 
reckoned arbitrarily from J.D. 2426727 G.M.T. The plotted obser- 
vations of 1931-1932 define a curve complete enough to serve as a 
normal with which the run of the observations for the other seasons 
may be compared. Such a comparison leaves little doubt that the 
velocity of the system changes from season to season. From 1922 to 
1927 the data are meager, but for the remaining seasons the evidence 
is in each instance based upon several spectrograms and merits con- 
siderable confidence. The estimated systematic deviation of each sea- 
son’s observations from the adopted normal of 1931-1932 (normal— 
seasonal) is shown in Table II, values of low weight being inclosed 
in parentheses. 

An attempt to represent these deviations by a smooth curve is 
given in Figure 1. The more uncertain portion depending upon the 
first five values in Table II is indicated by a broken line which near 
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the crest has purposely been made to conform more or less to the 
shape of the next crest, which appears to be well defined. A period of 
about 2300 days is thus revealed, during which the center-of-mass 
velocity as seasonally determined varies through 40 km/sec., the 
change from lowest to highest values lasting about two-thirds of 
the period. Quite by accident the zero velocity corresponds closely 
to the axis which divides the curve into two equal areas. It follows, 
therefore, that the velocity of the center of mass may be found from 
the 1931-1932 observations alone, or from all the observations when 
they have been corrected for the variation displayed in Figure 1. 
The measured velocities in the fourth column of Table I have 





km/sec. 

+20 = — a ; an ¥ Pee, as ei 
/ ~e / | 
r : ‘ A | 
lo / . | 

Of rd Ny . | 

| % # 

— 20} : “ 
a a - . 1 

J.D: 2423000 4000 5000 6000 


Fic. 1.—Variation in center-of-mass velocity (normal, 1931-1932—seasonal). 
Abscissae and ordinates from first and second columns, respectively, of Table II. 


been corrected by the quantities in the fifth column scaled from 
Figure 1. The corrected values in the last column are shown graph- 
ically in Figure 2a, where the abscissae are the phases from the third 
column of Table I. Although the scatter is still somewhat greater 
than would be expected from the errors of observation and measure- 
ment, two maxima and two minima of slightly different value are 
evident. The free-hand curve taken to represent the general course 
of the velocity variation has an extreme range of only about 23 
km/sec. The difference in the maxima is perhaps open to doubt, but 
that in the minima seems certain, the minimum at phase 44 days 
being definitely the deeper. 

Since the velocities in Table I are numerous, small in range, and 
rather even in distribution, the velocity of the center of mass of U 
Monocerotis may be obtained by taking the straight mean of all the 
quantities in the last column of the table. The result is +34.6 
km/sec., and is represented by the broken horizontal line in Figure 
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2a, which fulfils the condition that the areas under the velocity- 
curve above and below this line are approximately equal. 
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Fic. 2.—(a) Corrected velocities (abscissae) from sixth column and phases (ordi- 


nates) from third column of Table I. Dots, the seven observations of 1922-1927. The 
other seasons are successively represented by circles, crosses, triangles, squares, and 
encircled crosses. The broken horizontal line shows the velocity of the system. 

The remaining curves indicate the changes in (b) type, (c) the G band, (d) Hy in 
absorption, (e€) 4 4408, (f) Hy in emission, (g) \ 4321, and () \ 4344. The phase 
intervals for bands of titanium oxide are shown by short horizontal lines below (0d). 
The vertical lines show the mean phases for maxima and minima of light. 


In addition to the arc lines, some enhanced lines have been 
measured upon a large percentage of the spectrograms. The lines 
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are relatively few, however, and the blends so serious that in many 
cases velocities for individual plates computed from enhanced lines 
alone would be rather uncertain. It seemed better, therefore, to col- 
lect all the residuals for the enhanced lines relative to the mean arc- 
line velocity appropriate to each plate and then form the mean for 
the entire series. This procedure utilized all the available data, gave 
no undue weight to a velocity difference from a spectrogram on 
which few enhanced lines had been measured, and, furthermore, in 
effect weighted each line in accordance with the number of times it 
was measured. This mean difference is equivalent to a Doppler 
shift of +5 km/sec. relative to the velocities from the arc lines. The 
writer’s estimate for the similar difference in the case of AC Her- 
culis,® another RV Tauri variable, is +6.9 km/sec. The effect which 
blends may have in producing such a difference is, however, recog- 
nized and attention called to it. 

At certain phases (to be discussed later), H6, Hy, and Hp of 
hydrogen appear as emission lines. Ten values of the radial velocity 
from these lines, depending for the most part upon /y, are available 
and show without exception a velocity of approach (if interpreted as 
a Doppler shift) relative to that found from the arc lines. The 
mean of the ten differences (emission —arc) lines is — 39 km/sec. It 
is probable that a very faint emission component having a positive 
displacement relative to the arc lines is sometimes present, but this 
was not sufficiently certain to warrant measurement. AC Herculis? 
showed both emission components during a short interval, but the 
violet member was usually the stronger, persisted much longer, and 
gave a mean displacement of about —65 km/sec. 

Comparison of light and velocity changes.—The data for the light 
variation of U Monocerotis are so heterogeneous that the task of 
bringing them all to a common system appeared unjustified. The 
recent observations of Loreta and Lause, already referred to, fall 
within the interval covered by the radial velocities and might there- 
fore be preferred as a source from which to get the phases of maxi- 
mum and minimum light. The mean values thus found (reckoned 
as for the radial velocities) appear in the second column of Table 

8 Mt. Wilson Contr., No. 424; Astrophysical Journal, 73, 364, 1931. 

9 Tbid. 
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III. Mean values have likewise been computed from all the avail- 
able photometric data, beginning with the first observations by 
Thome (Table III, col. 3). Although there is a considerable spread 
in the individual determinations, it is not enough to confuse the 
two maxima or the two minima. The agreement between the two 
series 1s surprisingly good, and the values based upon the complete 
data have therefore been adopted. The designations are those of 
Lause, but it should be remarked that the primary minimum in his 
first series became the secondary minimum in his second, an example 
of the RV Tauri type of light variation that this star undergoes. 
The vertical lines in Figure 2 represent the four adopted phases. 
There is a rough though none too certain correspondence between 


TABLE III 


PHASES OF MAXIMA AND MINIMA 


Phase (Loreta 


-signati hase (All) 

Designation eat bane) Phase (All 
Maximum 2... o! (g24) go! 
Minimum (principal). . 23 23 
Maximum 1... 46 44 
Minimum (secondary). . 70 70 


the light minima and velocity maxima, and the light maxima ‘and 
velocity minima. The correspondence for the principal minimum 
and maximum 1 is good, but for the other two cases the radial ve- 
locities appear to lag. On account of the uncertainty involved, it is 
perhaps justifiable to accept the correspondence tentatively. The 
low velocity minimum at phase 44 days rests almost wholly upon the 
radial velocities obtained in 1930-1931. The most outstanding single 
observation is y 17098 of the preceding season. It may be significant 
that Lause’s light observations show the secondary minimum for 
this latter season to be the brighter, whereas in 1930-1931 it was 
the fainter of the two minima. 

Spectral class.—The spectrograms were compared on the Hart- 
mann spectrocomparator with a series of Cepheid variables which 
had been previously classified. The intensities of a number of en- 
hanced lines were also compared with neighboring lines which vary 
little with type or in the opposite way to the enhanced lines. The 
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intensity of the G band, which varies to a noticeable degree, was 
estimated on an arbitrary scale for each spectrogram. The presence 
of bands of titanium oxide was noted in a few cases. The hydrogen 
lines change from strong absorption lines, through a stage in which 
the lines are practically obliterated, to fairly strong emission. A 
measure of this change was obtained by estimating the strength of 
the emission and by comparing the intensity of the hydrogen line in 
absorption with a neighboring absorption line. The individual values 
so obtained during the various spectral changes are subject to con- 
siderable range; smoothed results have therefore been obtained by 
taking the means within phase intervals of ten days. 

The succession of curves below the velocity-curve in Figure 2 are 
defined by these means for the changes observed in (5) spectral class; 
(c) the G band; (d) Hy in absorption; (e) the intensity of » 4408 
(strong in class-M stars) as compared with the neutral iron line 
4404; (f) Hy in emission; (g) the intensity of \ 4321 Ti*, Sc*; 
and (h) the intensity of \ 4344 77+. The comparison line for \ 4321 
was \ 4318 Ca, 77, and for \ 4344 the line \ 4347 Fe. Both these 
comparison lines are themselves subject to change, but in a direction 
opposite to that of the enhanced lines. Curves (g) and (/) are there- 
fore only differential and probably more pronounced than if the 
comparison could have been made with lines that varied little in a 
cycle. Casual inspection of the spectrograms shows, however, that at 
least a part of the change indicated by the curves is inherent in the 
enhanced lines. Two horizontal lines below the curve for spectral 
class indicate the phase intervals within which titanium oxide bands 
were observed. 

These curves agree in giving approximately the same values for 
the two phases which correspond to the latest spectral class, the 
strongest G band, the strongest hydrogen lines in absorption, the 
weakest enhanced lines, and the strongest \ 4408. Likewise two 
phases 2re consistently indicated for the earliest type, the weakest G 
band, the strongest emission lines of hydrogen, the strongest 
enhanced lines, and the weakest \ 4408. The mean values for the 
latest spectral class and other associated features are phases — 29¢ 
and +19, and for the other two, pertaining to early type, phases 


—74 and +364. The phases in Table III which correspond most 
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closely are — 224 and +23 for the first pair and — 24 and +444 for 
the other pair. It follows that the latest spectral class and its related 
characteristics precede the light minimum, while the earliest type 
precedes light maximum by a mean interval of approximately six 
days. The curves seem to agree in showing a lag in the light-curve 
relative to the curves of spectral type. The titanium oxide bands 
(horizontal lines beneath Fig. 2b) appear, however, in both cases 
somewhat after the time of latest spectral class, and the intervals of 
their duration are symmetrical with respect to the phases of the two 
minima. A. H. Joy’ has noted that these bands occasionally appear 
at certain phases in the spectra of some of the variable stars of inter- 
mediate periods, although the general line spectrum is not so late as 
that usually associated with stars of class M. P. W. Merrill" has also 
found that the bands appear at times in certain stars of spectral 
class S. There is therefore evidence that these bands are not unique- 
ly associated with a specific absorption-line spectrum. Hence, the 
appearance of titanium oxide bands after the latest type is attained 
is not necessarily an indication that the spectral classification here 
given is uncertain by an amount that would correspond to the lag 
in phase. 

When the radial-velocity curve is considered, it may be stated 
that the latest spectral class occurs on the rising branches and 
the earliest on the falling branches, but with no very close relation- 
ship to the intersection of the y-axis with the curve of Figure 2a. 

CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
October 1932 


10 Mt. Wilson Contr., No. 443; Astrophysical Journal, 75, 127, 1932. 


" Mt. Wilson Contr., No. 252; Astrophysical Journal, 56, 457, 1922; Mt. Wilson 
Contr., No. 325; Astrophysical Journal, 65, 23, 1927. 








ON THE MODIFICATION OF THE INTENSITY 
DISTRIBUTION IN THE BAND SPECTRUM 
OF NITROGEN 
By J. OKRUBO ann H. HAMADA 
ABSTRACT 


The modification of the intensity distribution of the nitrogen band spectrum by 
changes of temperature, pressure, exciting voltage, and current, and the shape of the 
discharge tube, was observed. From the results obtained in this experiment, it is found 
that the better defined and sharper the selective enhancements of the bands with the 
vibrational quantum numbers v’= ~ 6 and v’= ~ 11 in the first positive bands, and with 
v’= 0,1 in the second positive as well as in the negative bands, are observed, the 
lower the temperature of the gas, and the smaller the density of the exciting current 
It is also found that this effect is observable conspicuously in the first and the second 
positive bands, and weakly in the negative bands. It has been confirmed that the selec- 
tive enhancements of the bands above described are always observable, independently of 
the exciting conditions, so long as the exciting current density is small and the tempera- 
ture of the gas is low. In the case of a very low pressure, i.e., when the velocities of the 
impacting electrons are relatively high, the bands from the initial levels with the higher 
vibrational quantum numbers are relatively enhanced in the three band systems here 
investigated, as G. Herzberg has already confirmed, and the maximum in the band 
group tends to be displaced toward the band with greater v’. In conclusion, some con- 
siderations regarding the results obtained and some references to the band spectrum of 
nitrogen in the auroral spectrum have been added. 


INTRODUCTION 

It is generally accepted that, of the a bands of active nitrogen, 
those emitted by the transitions from the initial levels with the 
vibrational quantum numbers v’= ~6 and ~11 in the upper Bll 
state of nitrogen molecules are especially enhanced.' However, it has 
also been found that the enhancement of these bands is observed 
not only in the case of active nitrogen but also in other cases of the 
excitation of nitrogen molecules. 

G. Herzberg’ has already investigated the intensity distribution of 
the first and the second positive as well as the negative bands of 
nitrogen, and has satisfactorily interpreted the results on the 
Franck-Condon principle. In the following pages the results of 
observations of the modifications of this intensity distribution of the 
nitrogen band spectrum by the changes of temperature, pressure, 
exciting voltage and current, and the shape of the discharge tube 

1G. Cario and J. Kaplan, Zeitschrift fiir Physik, 58, 769, 1929. 

2 Zeitschrift fiir Physik, 49, 761, 1928. 
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will be described; some considerations regarding the results obtained 
and some reference to the band spectrum of nitrogen in the auroral 


spectrum will also be added. 


EXPERIMENTAL RESULTS 

The excitation of nitrogen molecules was carried out on one oc- 
casion in a glass bulb 25 cm in diameter, and on another in a tube 
about 1 cm in diameter, and tubes of other dimensions have also been 
used. The gas was excited by a current from a high-tension direct- 
current dynamo, or by a condensed, as well as an uncondensed, dis- 
charge from an induction coil, and, in the case of the direct current, 
the current density was varied in the range between 20 milliamp 
cm’ and less than 0.1 milliamp,cm’. The pressure of the gas was also 
varied from a few mm to one-hundredth of a mm, and the spectrum 
was observed at three different temperatures, namely, at room tem- 
perature, at 650°C, and at the temperature of liquid air. The 
spectrograph used was made by the Franz-Schmidt and Haensch 
Company, the photographic plate was an Agfa Panchromatic, and, 
in photographing the spectrum in the infra-red region, it was sensi- 
tized with “‘Illuminol U II’ made by the Institute of Physical and 
Chemical Research in Tokyo. For the sake of comparison, the 
spectra emitted, under various conditions of excitation, were photo- 
graphed side by side on the same plate, and the variation of the rela- 
tive intensities of the bands due to the changes of excitation condi- 
tions were studied. 

In the first place, the effect of the temperature variation of the 
gas will be described. At the temperature of liquid air, in the first 
positive bands, selective enhancements with the vibrational quan- 
tum numbers? v= ~6 and v’=~11 in the upper B'II state were 
observed relative to the other bands of the same group, that is, the 
bands at 5593 (6,1), 6070 (6,2), 6624 (6,3), 7273 (6,4), 8047 (6,5), 
5407 (11,6), and 5804 (11,7) appear sharply enhanced, and it is also 
known that the more intense the enhancements of the bands observ- 
able, the nearer are the vibrational quantum numbers in the initial 
levels to v’ =6 and v’=11 (PI. IVa). In this case, the bands with 
v’ = ~6 are always more enhanced than those with v= ~11, which 


3K. Angerer, Annalen der Physik, 32, 549, 1910. 
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is quite contrary to the intensity distribution in the a bands of active 
nitrogen. It is also observable that the bands at 7753 and 8722, 
which are emitted by the transitions from the vibrational level v’ = 2 
in the upper B°II state, are slightly enhanced at liquid air tempera- 
ture relatively to the other neighboring bands. Similar modifica- 
tions of intensities of the bands are observable in the second posi- 
tive, as well as in the negative, bands, and in these band systems 
it was found that those emitted by the transitions from the initial 
levels corresponding to the lower vibrational quantum numbers (2 = 
0,1) are relatively enhanced. 

In the case of the high temperature of 650° C, the selective en- 
hancements of the intensities of the bands become very small, and 
all the bands tend to be emitted with nearly the same intensity. Of 
the first positive bands, those with the initial vibrational quantum 
numbers greater as well as less than v’ =6 and v’=11 are both en- 
hanced (Pl. IV), while of the second positive and the negative 
bands those with the initial vibrational quantum numbers v’ greater 
than oor 1 are relatively enhanced. It should also be noted here that 
the modification of the intensity distribution in the band system ac- 
companying the variation of temperature is most considerable in 
the first and the second positive bands, while it is weakest in the 
negative bands. 

In the second place, the modifications of the intensity distribu- 
tion of the band system due to the variation of the exciting current 
density were observed. In the first positive bands, the more sharply 
enhanced the observed appearance of the bands with v’= ~6 and 
vy’ =~11, the smaller the current density. These selections are 
markedly sharp in the case of a current density less than o.1 milli- 
amp/cm’, but in the case of such a feeble current it is impossible to 
measure exactly the current density, as the discharge does not take 
place uniformly over the whole section of the tube. By increasing 
the current density, the sharpness or distinctness of such selections 
is lost and all the bands tend to appear with nearly equal intensity. 
The bands with v’=~2 are also somewhat enhanced relatively in 
the case of the lower current density. 

Similar modifications of intensities were also observed in the 
second positive as well as in the negative bands. In the former band 
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system, in the case where the density of the exciting current is 
smaller, it was clearly observed that bands with smaller vibrational 
quantum numbers v’ appear more enhanced in comparison with 
those with the higher v’, but the effect is small in the case of the 
higher current density. For example, in the group Av = — 3, the band 
at 4059 (0,3) is much more intense than that at 3998 (1,4) when the 
current density is small, in spite of the fact that the intensities of 
both bands are nearly comparable when the current density is high. 
In the group Av = —4, the bands at 4344 (0,4), 4269 (1,5), and 4201 
(2,6) come into view with nearly the same intensity under the 
excitation of the higher current density, while the two former bands 
are more distinctly emitted than the latter one in a weak current 
excitation. In the group 4574 (1,6), 4490 (2,7), and 4416 (3,8), due 
to the transitions Av = — 5, the latter band is the most intense, while 
the first is the weakest under the excitation of a high current den- 
sity, but the order is completely reversed with a low current den- 
sity. In the group Av= —6, the maximum at the band 4648 (4,10) 
is displaced to the band 4814 (2,8) when the exciting current densi- 
ty is decreased. In the negative bands, it was confirmed that sim- 
ilar enhancements are observable in the case of a small density 
of the exciting current, but, similarly to that in the case of tempera- 
ture variation, the effect is not so great as that in the first and the 
second positive bands. 

Lastly, the modifications of intensity distribution of the band 
system due to the variation of pressure were studied, and the con- 
clusion was arrived at that the above-mentioned modifications of 
intensity distribution due to the change of temperature or of the 
density of the exciting current are observable in all ranges of pres- 
sure between a few mm and o.o1 mm. In the case of a very low 
pressure, 1.e., when the velocities of the impacting electrons are rela- 
tively high, the bands from the initial levels with the higher vibra- 
tional quantum numbers are relatively enhanced in the three band 
systems here investigated, as G. Herzberg‘ has already confirmed, 
and the maximum in the band group tends to be displaced toward 
the band with greater 0’. 

It may be remarked here that the intensity modifications of the 


4 Loc. cit. 
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bands are not affected by the introduction of a considerable per- 
centage of oxygen or of air, nor by the shape and the dimensions of 
the tube. Further, they do not depend to any great extent on the 
relative intensity of the band system as a whole. For instance, in 
the case where a very weak current is passed through nitrogen or 
through air contained in a large bulb 25 cm in diameter at pressure 
o.o1 mm //g, the first positive and the negative bands are emitted 
intensely and the second positive bands are weak, while, in the case 
where the exciting current is weak at comparatively high pressure, 
the first as well as the second positive bands appear intense and the 
negative bands are emitted very weakly; but it was confirmed that 
the selective enhancements of the bands above described are ob- 
servable so long as the exciting current density is small, in spite of 
the marked difference in the relative intensities of the three band 
systems. Goldstein’ has already reported that the color of glowing 
nitrogen in the positive column of a Geissler tube, when immersed in 
liquid air, changes to golden or greenish yellow. This phenomenon 
is observable, however, only in the case where the gas is excited at 
relatively high pressure (a few mm or greater) with a comparatively 
high current density, while in the case of a lower current density it 
changes from a pink to a whitish purple or from a pink to a reddish 
orange, according as the pressure of the gas is high (few mm) or low 
(o.1 mm or less). It is also noticed that, when the discharge tube of 
a small section (1 cm’) was used, the color of the glow changes to a 
faint blue independently of the pressure. It was confirmed that, so 
long as the discharging current is small, the sharp selections of the 
bands are always observable in the positive column, as well as in the 
negative glow, independently of their colors. 


DISCUSSION 

From the results obtained in this experiment, it is shown that the 
better defined and sharper the selective enhancements of the bands 
having the vibrational quantum numbers v= ~6 and v’=~11 in 
the first positive bands, and having v’ = ~o,1 in the second positive 
as well as in the negative bands, are observed, the lower the tempera- 
ture of the gas, and the smaller the density of the exciting current. 
It is also shown that this effect is observable conspicuously in the 


> Physikalische Zeitschrift, 6, 14, 1905. 
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first and the second positive bands and weakly in the negative 
bands. 

It is very difficult to believe that the selective enhancements of 
the first positive bands are due to collisions of the second kind be- 
tween the metastable molecules (4:z‘°’) and metastable atoms (?P 
and 7)). Obviously, the probability of producing the metastable 
atom in the 7D or in the ?P state as the result of a single collision be- 
tween a normal molecule and a relatively low-speed electron will be 
very small in comparison with the effect by which the molecule is 
excited or ionized, and it is reasonable to consider that the meta- 
stable atoms, if they exist, will be produced from the dissociations 
of the excited or ionized molecules as a result of their collisions with 
other molecules, or of other effects, during their life, and that their 
concentrations will be extremely small. Even though it is assumed 
that these metastable atoms exist in some concentration in the gas, 
the probability of their exciting the non-vibrating metastable mole- 
cules to the BsII levels with special values of vibrational quantum 
numbers will be extremely small as compared with that of their being 
directly excited to these levels by the collisions between the mole- 
cules and the electrons. Therefore, it is very difficult to accept the 
explanation that the selective enhancements of the bands above.de- 
scribed are due to collisions of the second kind between the meta- 
stable molecules and the metastable atoms, and it is as difficult to 
account for the enhancements as being due to the interaction be- 
tween the upper BSI, or the lower A*Z, state and another repulsive 
level (predissociation), though the single-headedness and weak ap- 
pearance of the band with v’ greater than 13 may perhaps be ex- 
plained by the theory of Kaplan.° 

It seems that this selective enhancement of the bands will be fol- 
lowed quite reasonably by the assumption that the Franck-Condon 
principle also holds good in the case where the molecule is excited 
by electron impact. The approximate potential energies in the 
molecular states BI] and A’z, which are the upper and lower states 
for the emission of the first positive bands, are calculated by the 
ordinary method with the molecular constants obtained from the 
vibrational and rotational analysis,’ or simply by Morse’s function, 

6 Physical Review, 37, 1400, 1931. 

iS. M. Naudé, Proceedings of the Royal Society, 136, 114, 1932. 
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and are plotted in the accompanying figure (Fig. 1). Let us assume 
that in the actual molecule the repulsive branch of the potential 
curve in the upper BII state is slightly displaced toward the greater 
nuclear distance in comparison with the result of approximate calcu- 
lation, as shown in the broken line in the figure (or better, that the 
repulsive potential curve in the lower A‘Z state is slightly displaced 
toward the smaller nuclear distance). As clearly shown by the figure, 
the non-vibrating normal molecule will be excited directly to the 
BsIl‘*® or the A3z‘~*:”) states by the electron impact, and the meta- 
stable molecule in the A3‘~*:7) states may again be excited by 
the second impact of the electron at its near- or far-nuclear turning 
point of vibration to the B3II‘~® or B3II‘*'” state, respectively, dur- 
ing its lifetime; therefore, the probability of producing the B3II‘~”’ 
state is greater than that of producing the B'II‘~'” state. Thus the 
reason why the bands emitted by the transitions from the B'II‘~° 
and the BII‘*'” states are selectively enhanced will be understood, 
and the same reasoning will also apply as an explanation of the fact 
that the bands with v’=~6 appear more intense than those with 
y=~Il. 

At lower temperatures there will be a predominance of the non- 
vibrating normal molecules, and the selections above described will 
appear very sharply defined. But as the rise in temperature of the 
gas causes an increase in the number of molecules in the levels with 
greater vibrational quantum numbers, it may be expected that the 
selective excitations of the levels will be small at a high temperature. 
The fact that the increase of the exciting current density gives rise 
to diffuseness in the selection of the bands can be accounted for by 
(1) the rise of temperature, (2) the increase in the probability of 
producing the BsII state by the downward transitions from the 
higher levels, which is caused by the upward transitions from the 
excited states, owing to electron impact, and (3) the increase in 
the probability of exciting the normal molecules, while preserving 
their vibration, just after they have returned from the upper states. 
It will also be readily understood why the bands with v’ = ~2 are 
selectively enhanced under the excitation conditions of a very weak 
current at low temperature, as in this circumstance some little con- 
centration of the A’ molecules with small v” or v’’=o will result. 

The nuclear distances in the equilibrium position of nuclei in the 
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CII state of NV, and in the A” state of N}, which are the upper 
states of emission of the second positive and the negative bands, are 
1.14 A and 1.07 A, respectively, which are not far from the cor- 
responding value 1.09 A of the molecule in the normal state X'D. 
Therefore, it may be reasonable to infer that, in the case where the 
gas is excited at a low temperature and with a very weak current, 
the selective enhancements of the bands with smaller vibrational 
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l'1G. 1.—Approximate potential energy-curves for A3y and B3II of N, 


quantum numbers (v’=~o,1) are observed, while in the case of 
excitation at high temperature and with a greater current the excita- 
tion of the higher vibrational levels is brought about and the sharp- 
ness or distinctness of the selection is small. 

As the frequencies of nuclear vibration in the A”2 state of the 
N; molecule are comparatively great, in spite of the fact that its 
dissociation energy is small, or, in other words, that the potential 
curve is flat and shallow; it can be inferred that the vibrational levels 
of the A”Z state are not so different, even though they have been 
excited from various different vibrational levels in the normal molec- 
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ular state X'Y of N,. This is the reason why the rise of temperature 
and the increase in the density of the exciting current have less 
influence on the selective enhancement in the negative bands com- 
pared with the selective enhancement in the first and the second posi- 
tive bands. 

As above described, the selective enhancement of the bands with 
special value of v’, and the sharpness of selection, seem to follow 
as a reasonable consequence of the Franck-Condon principle when 
we also take into consideration the potential curves in the ini- 
tial and final states of the emission. In the discussion above it was 
considered that the distributions of the molecules in the vibrational 
levels of the initial states of emission are mainly to be ascribed to 
the upward transitions due to collisions between the electrons and 
the nitrogen molecules in the normal as well as in the metastable 
A3X state. But in an actual case these initial states may also be 
caused by downward transitions from the higher energy states, and 
the smaller the selective enhancements of the bands may be ob- 
served, the more frequently these downward transitions from the 
higher levels take place.® 

With respect to the pressure, the temperature, and the current 
density of excitation, the above experimental conditions resemble in 
some degree the conditions of the aurora as they appear in the 
upper atmosphere, and it will be very interesting to give some con- 
sideration to the auroral spectrum. In the aurora, it has been ob- 
served that the negative and the second positive bands appear in- 
tense, and the bands appearing have been identified as the (0,0), 
(0,1), (0,2), (1,2), (1,3), and (2,3) bands among the negative bands, 
and also the (0,0), (0,1), (0,2), (0,3), (0,4), (1,0), (1,2), (1,3), (1,4), 
(1,5), (2,1), (2,3), (2,4), (2,5), (3,3), and (3,4) bands among the 
second positive bands, while the bands at 6465, 5945, 6320 and 
6565 A have also been identified as (8,5), (8,4), (10,7), and (7,4?) 
among the first positive bands.’ Recently L. Vegard® has reported 
that he has found two bands in the auroral spectrum in the infra- 
red region, a strong one at 7883 and a weak one at 8095 A. These 
bands were found to have sharp edges toward the longer wave- 

8 Herzberg, loc. cit. 

9 J. C. McLennan, Proceedings of the Royal Sociely, 120, 327, 1928. 


10 Nature, 129, 468, 1932. 
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lengths. Taking into consideration the great intensity of these two 
bands and the emission of the second positive bands of nitrogen in 
the auroral spectrum, he has interpreted them as the appearance of 
the first positive bands of nitrogen with a special distribution of in- 
tensity. These two bands may probably be identified with the 
bands 7896 (7,6) and 8047 (6,5) in the first positive bands, in ac- 
cordance with Vegard’s view, and also as a result of the above ex- 
periments, though, in the latter band, some difference in the wave- 
length is found. 

From the above results, it seems that in the negative as well as in 
the second positive bands, those emitted by the transition from the 
initial levels with small quantum numbers v’, are quite similarly en- 
hanced both in the aurora and in this arrangement of experiments, 
as far as, the exciting current density is small and the temperature of 
the gas is low. In the first positive bands, those with v’=7 or 8 and 
~10 are decially enhanced in aurorae, instead of those with 6 or 7 
and ~11 in the experiment, and no enhancements of the bands with 
the vibrational quantum number v’ = ~2 in the aurora were found 
in disagreement with the experimental results. 

McLennan" has already attempted to explain the rare occurrence 
of the forbidden lines (nebular lines or auroral green line) in terres- 
trial sources by the fact that the collisions of the second kind be- 
tween the excited atoms and other atoms, or between the former 
and the surfaces of a discharge tube, are frequently taking place. 
Similarly, it will be inferred that, in the experimental conditions, 
the metastable A3Z molecules in any vibrational quantum state col- 
lide frequently with other molecules, or with the surfaces of a dis- 
charge tube, and, therefore, that they are not only capable of being 
excited from the levels with v’’= ~8 or 7, but also from the levels 
with smaller v”’ or with v’’ =o, one part of which is produced by the 
loss of vibrational energy due to the collisions above mentioned, dur- 
ing their lifetime. Hence, the reason why the first positive bands 
with v’=~2 or with v’ thereabouts appear more enhanced in the 
experimental conditions than in the aurora will be understood. 

In the case where the normal molecules of nitrogen are excited by 
low-speed electrons, the greatest predominance of the excited mole- 
cules in the vibrational levels with v’ = ~6 in the upper B state will 


"1 Loc. cit. 
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result, but in the case of excitation with high-speed electrons, they 
will be excited to higher vibrational levels than those with v’ = ~6 
in that state. Therefore, if it is assumed that a great number of the 
electrons exciting the auroral spectrum have higher velocities than 
those in the discharge tube used in this experiment, it will be reason- 
ably conceivable that in the aurora the intensity maximum in the 
band group displaces toward the band with the higher quantum num- 
ber v’ compared with that in the band group observed in the ex- 
periments. The enhanced appearance of the negative bands in the 
aurora seems to suggest that there are some concentrations of high- 
speed electrons in it, and this fact serves to give favorable support 
to the above consideration. 

The displacement of the intensity maximum may also be ex- 
plained in the same manner as Lord Rayleigh" and also McLennan" 
have already suggested in their consideration of the intensity d‘stri- 
bution of the a bands of act:ve nitrogen, in the case where a suitable 
quantity of inert gas is mixed with nitrogen. If the A’2 molecules 
are excited by electron impact, after their vibrational leve's have 
descended to v’’=7, 6, 5,.... from v’’=8 or 7 in consequence of 
collisions with other molecules or atoms during their lifetime, it is to 
be expected that there result the B'II molecules with v’=10, 9, 
8,...., and this result causes the displacement of the intensity 
maximum in the band group in the observed direction, as shown in 
the results of observation. 

Or, it might be better to consider the displacements as due partly 
to the first possibility, and the other to the second possibility, i.e., 
to consider that the displacement of the intensity maximum at the 
band with v’ = ~6 toward the band with v’ = 7 or 8 is to be attributed 
to the first possibility, while the displacement of the maximum at the 
band with v’ = ~11 toward the band with v’ = ~1o is to be attributed 
to the second. 
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A STATISTICAL STUDY OF THE ROTATIONAL 
BROADENING OF STELLAR ABSORPTION 
LINES IN CLASSES B AND O 
By CHRISTINE WESTGATE 
ABSTRACT 

The axial rotation of stars, as determined by the broadening of the Mg 1 line \ 4481, 
and of the Het line \ 4472, is studied statistically for 275 stars of class B. The widths 
of these lines in Angstrom units were transformed into their corresponding equatorial 
velocities in kilometers per second. The observed frequency graph is compared with a 
theoretical curve which was constructed with regard to the probability of different in- 
clinations of axes and with the assumption of an arbitrary distribution of equatorial 
velocities among stars. The best approximation to the observed curve is obtained by 
assuming that 27 per cent of the stars have V»= 50 km per second; 53 per cent, V»= 100; 
15 per cent, V,=150; 4 per cent, V)>= 200; and 1 per cent, V,= 250. 

1. The purpose of this paper is to give a list of the widths of the 
two absorption lines Mg u 4481 and Het X 4472 for the brighter 
B-type stars, and then to investigate the distribution of real equa- 
torial velocities. In the last section we shall assume that the broad- 
ening of these lines is caused by the Doppler effect of axial rotation. 

2. Single-prism spectrograms which had been taken with the 
Bruce spectrograph attached to the Yerkes 40-inch refractor were 
available for more than 275 stars of apparent magnitude brighter 
than about 5.5. The linear dispersion is 30 A per millimeter at \ 4500. 

Whenever possible, the widths of \ 4481 and of \ 4472 were 
measured under a comparator on two plates of each star. In the case 
of \ 4481, AX was measured on two plates for 136 stars, with an aver- 
age difference of 0.2 A. The average difference of the width of \ 4472 
for 196 stars is slightly less than 0.3 A. The adopted widths of the 
two lines are contained in columns 2 and 3 of Table I. 

3. In Figure 1 my measurements are compared with the measure- 
ments published by O. Struve’ for the widths of these two absorp- 
tion lines in 46 spectroscopic binaries of class B. Although the scat- 
ter is large, the majority of the points lie within a 45° belt, indicating 
a one-to-one correlation. The scatter is due primarily to the diffi- 
culty of accurately and consistently setting a cross-hair on the ap- 
parent edge of an absorption line. 

t Monthly Notices of the Royal Astronomical Society, 89, 231, 1929. 
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AOBOG ov oe nee oi 1.2 . 20 Schacter eam 20 
ROMA Sa sco its Sale a simak cy a re ee 100 100 
MEWS a sede ae eon r.2 20 Reine 20 
BOO 1S ond ceteror Ronee te bans waverwen 100 100 
Ms) ore x iy aw eee sin E.§ 1.6 60 30 40 
Ae wie sain tion Re | a3 Peers 100 100 
MOGI ys e 5-200 50 ene 8 I.4 | ¥.O 50 30 40 
EN sp oie pt hs ale ae 2.5 palettes FOO 3 Live aie reales 160 
PT. A ee 1.6 1.8 60 40 50 
IES cree ici: eeniets ee Bae matenrcta 80 80 
0 1.8 2.0 80 5° 60 
BAO i led 2.8 ey 120 80 100 
BAO oe es x r.3 £9 40° 40 40 
MMI cesar a ain ces acer I.4 1.6 50 30 40 
MEMED cna ae eet t.4 | 2.1 50 50° 5° 
Py. eae ae eae 1.9 2.3 80 60 7 
BOs ic conv sid dime iets 253 | at 100 50 go 
MRED as x Brepace Bea 1.6 2:6 60 50 60 
4902... Pa Pszwcav ave ei Oe ‘Eos. sredwwes 60 
ro | ae 1.6 ee yalenees OG frecesds. is 60 
A7305.6 5:3 r9 ; 70 Jo+ esc eeeeee 70 
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ROTATIONAL VELOCITIES IN 


vv 











Avenace Worn | K/SEc. DERIVED From 
Boss NUMBER : eee ADOPTED } 

| d 4481 dX 4472 | \ 4481 dX 4472 | 
4779 | ‘3 eed fe) , | ro) 
4783. Ls 1.9 60 40 | 50 
4784 | 4.2 140 140 
BENE ons Aas ai arenas i esa,aneaets 2.6 een 80 80 
0 Sy ee | 2.0 : go a or, go 
4842 ee 2.7 20 80 40 
IRE csi asa, aleve srk ee 2.2 100 60 go 
ROA Sctiains ops S3s) ides si|ince wake siane nl Baa (lteicomrsess 150 150 
4897..-- 0-0 e ee ee, 1.5 1.7 50 40 50 
MOD oe bieiine toe wees 7 a5 70 7 7° 
BOTT i: 52512 ses 9-5 9.30008 BPO Weedless ernie 100 1600 
MAR cists iis alles perans 1.8 2.0 80 50 60 
4942 : 1.8 60 40 5° 
BRO. 6 o(c.ostrey haters BU Wielaca waacer ore ahs 80 80 
MR. ci. ih Gamba ee re 1.5 ° 30 10 
5004 1.8 a7 80 80 80 
Ct ee Mammen ra 7 80 so 
5024.. £23 ; sti 40 40 
5068 oe za 180 180 
5°97 1.7 4.0 7° 140 go 
RMD Pe aeseusnn bra <iisiei anal Bus 2.6 60 80 7° 
DS eee ear) Laren 4.0 ester : 140 140 
5156 3.6 Srahsts ae arate 120 120 
BUFO sian od sislever ces 5.2 era oe ae Igo Igo 
5190. Be A neta ee 100 100 
RNAS 5 oiwre Sala iase 2.9 Ns 100 Katoh ators 100 
BOG ino oie 2 sisiawis ees viet 3-5 Goce 120 } 120 
RDU 5 Faster s: wha hia 1.8 1.9 | 80 40 60 
RMU aa: (orcas lias ceuers rf ie 50 60 | 60 
5310 | 2-0 24 120 7O | 100 
5325 I.4 1.9 | 5° 40 5° 
BREN Doshi sale sii | 252 2.6 | 100 80 go 
5301 2.1 1.9 go 40 80 
5306 pas 60 aad 60 
5375 | 1.4 2.1 | 5° 5° 50 
2 Eee See eae E36 1.9 60 40 | 50 
5495 I.9 80 : 80 
547 i ee 3.6 ape ane aa Th 120 120 
1.6 2.6 | 60 so 7° 
cee eer 4.7 He 170 170 
t 2.0 2.0 | go 50 70 
ts 2.2 40 00 5° 
2:0 We 2 go 40 60 
te ctiaks 3.2 Meee ere 100 100 
1.4 1.6 50° 30 40 
E ae : 100 > 100 
: 263 Sera ties 60 60 
0.9 ..3 | oO 20 | re) 
Raesete Gian. Vis tcnereere 110 110 
| “2 1.7 | 40 40 40 
1.4 2.3 | 50 60 60 
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ROTATIONAL VELOCITIES IN 


AVERAGE WIDT : | 
AVERAGE WIDTH Km/SEc. DERIVED FROM | 





30ss NUMBER a : Be ApDopTED V 
A 4481 A 4472 d 4481 d 4472 
5763 2.5 2.8 IIo 80 100 
5704 1.60 I.4 00 20 40 
Coy 3.2 100 100 
5779 I .2 a | 20 4° 3° 
5810.. 2:9 ; als 60 | 60 
eee F 2.0 : ; 130 130 
5844 r.2 1.6 20 30 30 
oe ee COE 3.9 160 130 | 150 
5850. | 2.0 4% 130 5° | 80 
SOEZ. «. or cee ee ce a5 : os 60 | 60 
Ot a OEE TC eRe Oc 5-7 mr 210 210 
EBON bcs) aula i aneie) she 1.8 1.9 80 40 | 60 
CG eran nae 4.1 140 140 
6600. .... 2.2 2.2 140 100 120 
6046. . : a 2.3 3.0 100 go 100 
Gaerne sone 2.0 2.4 go 70 80 
6075 P Pir 2:4 110 snl atees 110 
0095..- shaven 3.0 ; ‘ 100 “ete 160 
6155 Be ee 2.5 70 7 
O1090 F harks 2.0 > ne Sonera ae ‘ 120 





In Figure 2 my observations of the widths of Mg 11 \ 4481 (a) and 
of Het \ 4472 (6) are plotted against the rotational velocities de- 
termined by C. T. Elvey for 25 of the same stars.’ 

The observed stars, whose spectral types were taken from the 
Henry Draper Catalogue, are distributed in spectral class as follows: 
O, 12; Bo, 14; B1, 15; B2, 24; B3, 90; B5, 44; B8, 49; Bo, 27. Table 
II gives for each class the average width of each line and in paren- 
theses the number of stars used in obtaining that average. There isa 
slight increase in the width of Het \ 4472 for classes B2 and B3, 
corresponding to the maximum of intensity of this line. For Mg 1 
\ 4481 there is no measurable change in Ad with spectral type. 

4. Since it is more desirable to work with the observed rotational 
velocities themselves, I have converted my line widths into velocities 
by means of the curves in Figure 2. The curve for \ 4481 is probably 
more reliable and fits the observations by Elvey reasonably well. It 
indicates that a line width of about 1.1 A corresponds to zero rota- 
tional velocity, and that for very wide lines the rotational velocity is 


2 Astrophysical Journal, 71, 221, 1930. 
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proportional to AX.3 The curve for A 4472 is very uncertain. I have 


adopted one of the two regression 
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Fic. 1.—Width, in angstroms, of \ 4472 
(dots) and 4481 (circles). Abscissae: 
author’s measures; ordinates: Struve’s 
measures for same stars. 


km/sec. 
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lines (A in Fig. 2b) of the scatter 
diagram (for which Pearson’s co- 
efficient of correlation is 61 per 
cent). There are not enough stars 
in common with Elvey to justify 
this choice, and the scatter is dis- 
appointingly large, but it seemed 
to be better to use this graphical 
conversion than the mere as- 
sumption that AX is equivalent 
to the equatorial velocity of ro- 
tation. The results derived for 
4481 and for 4472 are in fair 
agreement with one another. The 
average difference for each star 
is about 25 km per second. The 





ie aa 
‘ ] 
ay - 
1.0 2.0 3.0 4.0 A 
b 


Fic. 2.—Comparison of Elvey’s determinations of rotational velocities with author’s 


measurements of widths of \ 4481 (a), and of \ 4472 (b) for same stars. 


3 By assuming that zero rotational velocity corresponds to AA=1.1 A, we make 
allowance for abundance broadening. This eliminates almost completely the question 
of finite resolving power of the spectrograph, since for the Yerkes instrument the width 
of a monochromatic line would be measured as approximately 0.6 A. 
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observed rotational velocities obtained by this means from meas- 
urements of each of the two lines are contained in columns 4 and 5 of 
Table I, and the weighted mean of these two velocities is given in 
column 6. 

TABLE II 


d 4472 | A 4481 d 4472 | d 4481 
O | (12) 2.4 | B3 | (89) 2.7 | (43) (2:3 
Bo | (84) 2.5 ee | (az) ag. | 8) 2.8 
Bi | (15) 2.3 (7) 1.8 B8 | (26) 2.0 | (49) 2.0 
B2.. | (aa) 2.9 (11) 1.9 Bo | AROr Beg | (26) 1.6 
| 


| 
| | | 


5. The observed frequencies of different widths of \ 4481 and of 
\ 4472 are given in Figure 3. In (a) the continuous line gives for 
\ 4481 the number of stars in ranges of 1 A and the dotted line in 
ranges of 0.5 A. Part (6) gives the frequencies of line widths of 




















FG. 3.—Ordinates are numbers of stars. (a) Continuous line is for ranges of line 
width of 1 A (0.5—1.5 A, etc.); dotted line for 0.5 A (0.5~1.0 A, etc.). (6) Continuous 
line includes all stars and dotted line only those of subdivisions B2 and B3. 


\ 4472. The smooth line gives the data from all stars and the dotted 
line gives the data from subdivisions B2 and B3 alone. The choice 
of a smaller range of AX seems to have no effect upon the general 
shape of the frequency-curve for \ 4481. The maximum frequency 
for both \ 4481 and A 4472 occurs at a line width of from 1.5 to 
2.5 A. 
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The continuous line in Figure 4 gives the number of stars having 
observed velocities of o-50, 50-100, 100-150 km per second, etc. 
These velocities are, of course, the projection upon the line of sight 
of the true equatorial velocities of rotation, V, sin 7, where V, is the 
equatorial rotational velocity and 2 is the inclination of the axis of 


No. of stars 


| | 





120 r 


80 


60 — 


20 — 











° | | | | 


o-50 50-100 100-150 150-200 200-250 km/sec. 





Fic. 4.—Frequency diagram. Continuous line, observed; dotted line, computed. 


the star to the line of sight. For the problem of determining the 
distribution of real rotational velocities we assume that the direc- 
tions of the axes of rotation are distributed at random for all the 
stars in the sky. Suppose, for a moment, that all stars have the same 
equatorial rotational velocity, V,. In that case the number of stars 
which would have an inclination between 7, and 7,, and consequently 
would have velocities between V, sin 7, and V, sin 7,, will be propor- 
tional to the area of the zone of the celestial sphere described by an 
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axis corresponding to 7, and an axis corresponding to 7, as they ro- 
tate about the line of sight. Near an inclination of o° this area will 
be very small and approach o, and at go” it will bea maximum. The 
area of the zone is (cos 7,—cos 7.) of the half-sphere. These factors 
for the five equal divisions of V, sin 7, when multiplied by the 
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Fic. 5.—Theoretical frequency diagram for the case in which all stars have the 
same actual rotational velocities and observed differences are due to inclinations of 


axes. 


total number of stars used in my observed frequency graph, give a 
theoretical frequency-curve for the case in which all the stars have 
the same V,, and differences in observed velocities are due simply to 
inclination. This curve, Figure 5, has no resemblance to the original 
and we conclude that not all stars have an equal V,. 

I have next assumed an arbitrary frequency distribution for V4. 
For any given value of V, we obtain a curve similar in shape to that 
of Figure 5. The ordinates of each curve are multiplied by factors 
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which are proportional to the postulated frequency of each given V ,, 
and the ordinates of all curves are summed to give the integrated 
effect for all values of V, and for allz’s. By trial and error a distribu- 
tion of frequencies for V, was found (Table III) which agrees almost 
exactly with the observed curve (see dotted line in Fig. 4). 


TABLE III 
| Assumed | , Assumed 
V | Distribution | J Distribution 
| (in Per Cent) |} (in Per Cent) 
j © | — 
5° 27 | 200 4 
100 53 | 250 I 
150 | 15 | 


It is probably safe to conclude that four-fifths of the 275 B-type 
stars studied have rotational velocities from o to 100 km per second, 
that the number of stars with velocities of 200 km per second or 
greater is very small (5 per cent) and that the most frequent value 
of V., for the B stars, is around 100 km per second. 


It is a pleasure to acknowledge Dr. Struve’s suggestion of the 
problem and of the method by which it might be carried out. 


YERKES OBSERVATORY 
November 1932 


NOTES 
RAYLEIGH SCATTERING IN INTERSTELLAR SPACE 


ABSTRACT 

A computation of the apparent brightness of the sky was made under the assump- 
tion that the observed reddening of distant stars is caused entirely by Rayleigh scatter- 
ing. The result, for solid particles, is 3.0 stellar mag. per square degree for the scattering 
of general starlight in galactic space, and 7.3 mag. per square degree for sunlight scat- 
tered in and near the solar system. Scattering by atoms of interstellar gas is negligible. 
Since the total observed brightness of the night sky is 4.5 mag. per square degree, the 
density of the scattering particles is probably somewhat smaller than that obtained from 
the effect of reddening of distant stars. 

Recent investigations by R. J. Trumpler,' C. Schalén,? C. T. 
Elvey,3 J. Stebbins,t E. T. R. Williams,’ and others have shown 
rather convincingly that distant stars are redder than near ones. 
W. Gleissberg® has investigated all available observational data, and 
has derived, with the help of formulae by E. Schoenberg,’ the ap- 
proximate number of particles per unit volume, V, needed to pro- 
duce the observed amount of reddening by Rayleigh scattering. The 
coefficient of scattering depends upon the refractive index of the 
medium, and consequently N is also a function of the refractive 
index. For atoms of air, V,=1.3 X10 per cubic centimeter. For 
solid particles, Gleissberg finds to3< V,< 10 ’ per cubic centimeter. 
We shall assume here that V,=5 10 per cubic centimeter. The 
value of N, is inconsistent with the results® I obtained from the in- 
tensities of the interstellar calcium lines, which gave V,=107~ per 
cubic centimeter. Consequently, it is more plausible that scattering 
is produced by solid particles (or by free electrons). 

If the reddening of distant stars is actually caused by Rayleigh 

' Lick Observatory Bulletins, 14, 154, 1930. 2 Upsala Meddelande, 53, 1931. 

3 Astrophysical Journal, 74, 298, 1931; tbid., 75, 354, 1932. 

4 Unpublished; see Publications of the Astronomical Society of the Pacific, 44, 365, 
1932. 

5 Astrophysical Journal, 75, 386, 1932. 

© Astronomische Nachrichten, 246, 329, 1932. 

7 Mitteilungen der Sternwarte, Breslau, 3, 1932. 

8 Monthly Notices of the Royal Astronomical Society, 89, 585, 19209. 
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scattering, then the radiation which is lost by the direct beam of 
light must illuminate the diffuse medium, and the color of the me- 
dium must be bluer than that of the incident light. An application 
of this idea to diffuse nebulae, by Struve, Elvey, and Keenan, will 
appear in an early issue of this Journal. We shall here attempt to 
compute the apparent brightness of the sky, under the assumption 
that there are 5 X10~3 particles per cubic centimeter which scatter 
according to Rayleigh’s law. 

The formulae which I have used were derived by Charles Fabry? 
and have been adapted by me to this particular problem. There are 
four cases to be considered: (1) scattering of general starlight by 
solid particles in the galaxy; (2) scattering of sunlight by solid parti- 
cles, in and near the solar system; (3) scattering of starlight by inter- 
stellar gas; and (4) scattering of sunlight by interstellar gas. We 
shall limit this discussion to Rayleigh scattering, leaving scattering 
from free electrons out of consideration. For cases 1 and 3 I have 
used the following equation, in which the unit of length is the meter: 

my, =m+8.8— 2.5 log| “S : 

K 

Here m, is the apparent brightness of the diffuse medium, as ob- 
served from the earth, expressed in stellar magnitudes per square 
degree; m is the apparent magnitude of all stars together, as seen 
from any point of the diffuse medium. We assume that this is a con- 
stant for the whole extent of the diffuse medium, and that it is equiv- 
alent’? to 1674 stars of +1.0 mag., this value being based upon the 
observations of Van Rhijn." Accordingly, m= —7.0; his the total 
thickness of the medium, which we assume to be 10,000 parsecs, or 
3.0X10” m; 6 is the ratio V/N, where N, is Loschmidt’s number 
(3 X10" per cubic centimeter, or 3 X 10% per cubic meter); K is a 
constant depending upon the index of refraction, 4, of the medium 
under atmospheric pressure and temperature o C: 


9 Journal de physique, 7, 89, 1917. 
1 Gerasimovit and Struve, Astrophysical Journal, 69, 16, 1920. 
1 Publications of the Astronomical Laboratory, Groningen, 31, 37, 1921. 
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where J is the wave-length for which the amount of scattered light is 
being computed. For A 4500 we get: 


K 
Po cdiicGus veal eeeuneeseuawaecene 0.7X 108 
ee ee eee ee 3.2X 10° 
SOE OPIS 5.5 on cn dedee wins suse 0.24 


For solid particles our computation gives m,=-+ 3.0, and for a gas, 
m,=+19.2. Cases 2 and 4 are solved by means of the equation 


2K \sina 


p) 
m= m-+8.8—2.5| log 5 : ( 3% +cos a) | A 


where m is now the apparent photographic magnitude of the sun, 
— 26.0; Dis the mean distance earth — sun, 1.5 X 10% m; and (180°—a) 
is the angle at the observer between the point of the sky investigated 
and the sun. The variation of m, with a has been investigated by 
Fabry; m, is a minimum for a=o, and approaches © for a= 180°. 
But since the latter represents the direction toward the sun, this 
does not concern us. For a=go°, m, has a value which is 1.18 times 
that obtained for a=o. Our computation for a=o gives m,= +7.3 
for solid particles and m,= + 23.5 for an interstellar gas. 

It would seem that the illumination of the night sky produced by 
Rayleigh scattering from gas atoms is negligible. Scattering of sun- 
light from solid particles should be perceptible, if N.=5 1073 per 
cubic centimeter. But scattering of general starlight from solid 
particles gives an unexpectedly large value of mo. 

Actual observations show that the brightness of the sky at night 
is about 4.5 mag. per square degree. Fabry" gives 5.0 mag., J. Dufay™ 
finds 4.63 mag. for visual light and 4.37 mag. for photographic light, 
and Elvey*’ finds with the photo-electric photometer about 4.5 mag. 
per square degree. Dufay concludes from his measurements that 
about one-half of the illumination of the night sky is accounted for by 
faint stars, zodiacal light, etc., so that the unaccounted-for bright- 

2 Op. cit. 

3 Comptes rendus de l’ Académie des Sciences, 150, 272, 1910; Astrophysical Journal, 


31, 394, IgIo. 
'§ Bulletin de UV Observatoire de Lyon, 10, 1928; Journal de physique, 10, 219, 1920. 


's Private communication. 











156 NOTES 


ness of the sky is roughly 5.2 mag. per square degree. He states, 
however, that this diffuse light is not blue like the daylight sky, but 
is as yellow as the sun. We should therefore expect that only a small 
part—perhaps not more than 6.0 mag. per square degree—can possi- 
bly be left over for Rayleigh scattering in interstellar space. 

There remains the possibility that our assumptions for cases 1 and 
3 were incorrect. Our formula neglects general absorption of the 
scattered light in space, but this is probably not serious. It is much 
more probable that we are incorrect in assuming a constant value for 
m equal to that observed near the sun.’® On the other hand, our 
distance, 4= 10,000 parsecs, is probably underestimated, and this 
would tend to balance an error in m. Unless the latter is very greatly 
in error, we shall have to conclude that NV is smaller than we have 
assumed. A factor of to in N would change m, by 2.5 mag. It is 
not unlikely that a value of N=5X10~4 particles per cubic centi- 
meter is still reconcilable with the observed amount of reddening. 
If this should not be the case, we should have to attribute at least a 
part of the reddening of distant stars to a cause other than Rayleigh 
scattering. 

Otto STRUVE 
YERKES OBSERVATORY 
February 2, 1933 


6 Our value, m = — 7.0, is derived by applying a correction for atmospheric absorption 
to the result of Van Rhijn. His measurements gave for the total amount of starlight in 
both hemispheres 1440 stars of mag. 1.0 on the Harvard scale (corrected to the zenith). 
In a later paper Seares, Van Rhijn, Joyner, and Richmond found from star counts 1092 
stars of mag. 1.0 on the International Scale (Astrophysical Journal, 62, 373, 1925). 





